Investigating low temperature tolerance and winter protection systems for herbaceous perennials by Iles, Jeffery Kenneth
Retrospective Theses and Dissertations Iowa State University Capstones, Theses andDissertations
1993
Investigating low temperature tolerance and winter
protection systems for herbaceous perennials
Jeffery Kenneth Iles
Iowa State University
Follow this and additional works at: https://lib.dr.iastate.edu/rtd
Part of the Agriculture Commons, and the Plant Biology Commons
This Dissertation is brought to you for free and open access by the Iowa State University Capstones, Theses and Dissertations at Iowa State University
Digital Repository. It has been accepted for inclusion in Retrospective Theses and Dissertations by an authorized administrator of Iowa State University
Digital Repository. For more information, please contact digirep@iastate.edu.
Recommended Citation
Iles, Jeffery Kenneth, "Investigating low temperature tolerance and winter protection systems for herbaceous perennials " (1993).
Retrospective Theses and Dissertations. 10453.
https://lib.dr.iastate.edu/rtd/10453
INFORMATION TO USERS 
This manuscript has been reproduced from the microfilm master. UMI 
films the text directly from the original or copy submitted. Thus, some 
thesis and dissertation copies are in typewriter face, while others may 
be from any type of computer printer. 
The quality of this reproduction is dependent upon the quality of the 
copy submitted. Broken or indistinct print, colored or poor quality 
illustrations and photographs, print bleedthrough, substandard margins, 
and improper alignment can adversely affect reproduction. 
In the unlikely event that the author did not send UMI a complete 
manuscript and there are missing pages, these will be noted. Also, if 
unauthorized copyright material had to be removed, a note will indicate 
the deletion. 
Oversize materials (e.g., maps, drawings, charts) are reproduced by 
sectioning the original, beginning at the upper left-hand corner and 
continuing from lefr to right in equal sections with small overlaps. Each 
original is also photographed in one exposure and is included in 
reduced form at the back of the book. 
Photographs included in the original manuscript have been reproduced 
xerographically in this copy. Higher quality 6" x 9" black and white 
photographic prints are available for any photographs or illustrations 
appearing in this copy for an additional charge. Contact UMI directly 
to order. 
University Microfilms International 
A Bell & Howell Information Company 
300 North Zeeb Road. Ann Arbor, Ml 48106-1346 USA 
313/761-4700 800/521-0600 

Order Number 9821170 
Investigating low temperature tolerance and winter protection 
systems for herbaceous perennials 
lies, Jeflfery Kenneth, Ph.D. 
Iowa State University, 1993 
U M I  
300 N. ZeebRd. 
Ann Arbor, MI 48106 

Investigating low temperature tolerance and winter protection 
Jeffery Kenneth lies 
A Dissertation Submitted to the 
Graduate Faculty in Partial Fulfillment of the 
Requirements for the Degree of 
DOCTOR OF PHILOSOPHY 
Department: Horticulture 
Major: Horticulture 
systems for herbaceous perennials 
by 
Approved: 
In Charge of Major Work 
For the Major Department 
For the Graduate College 
Iowa State University 
Ames, Iowa 
1993 
Signature was redacted for privacy.
Signature was redacted for privacy.
Signature was redacted for privacy.
11 
DEDICATION 
This dissertation is dedicated to my wife Anne and daughter Chloe. Their unremitting 
patience, continuous support, and unconditional love are responsible for any success I 
will ever have. 
iii 
TABLE OF CONTENTS 
LIST OF FIGURES vi 
LIST OF TABLES viii 
ACKNOWLEDGMENTS ix 
INTRODUCTION 1 
Explanation of Dissertation Format 3 
LITERATURE REVIEW 4 
Freeze Protection for Container-grown Herbaceous Perennials 4 
Response of Herbaceous Plants to Freezing Stress 6 
Extracellular ice formation 7 
Freezing injury 8 
Cold acclimation 9 
Measuring plant cold hardiness 10 
Viability assays 11 
Summary 13 
PAPER I. EVALUATION OF STRUCTURELESS OVERWINTERING 
SYSTEMS FOR CONTAINER-GROWN HERBACEOUS 
PERENNIALS 14 
ABSTRACT 16 
INTRODUCTION 17 
MATERIALS AND METHODS 19 
RESULTS AND DISCUSSION 22 
LITERATURE CITED 27 
PAPER II. RESPONSES OF FIVE CONTAINER-GROWN 
HERBACEOUS PERENNIAL SPECIES TO LABORATORY 
FREEZING 41 
ABSTRACT 43 
INTRODUCTION 44 
MATERIALS AND METHODS 46 
iv 
RESULTS AND DISCUSSION 48 
LITERATURE CITED 51 
PAPER III. DETERMINING COLD HARDINESS OF HEUCHERA 
SANGUINEA ENGELM. ^CHATTERBOX' USING 
DORMANT CROWNS 54 
ABSTRACT 56 
INTRODUCTION 57 
MATERIALS AND METHODS 59 
RESULTS AND DISCUSSION 61 
LITERATURE CITED 63 
PAPER IV. SEASONAL COLD-ACCLIMATION PATTERNS OF 
'AUTUMN JOY' AND 'BRILLIANT' SEDUM 67 
ABSTRACT 69 
INTRODUCTION 70 
MATERIALS AND METHODS 72 
Plant materials and culture 72 
Freezing procedure 72 
Cold hardiness and viability determinations 74 
Percentage crown moisture 75 
RESULTS AND DISCUSSION 76 
Percentage survival 76 
Regrowth dry mass and quality ratings 77 
Electrolyte leakage vs. regrowth determinations 78 
Percentage crown moisture 79 
CONCLUSIONS 80 
LITERATURE CITED 82 
GENERAL SUMMARY 98 
LITERATURE CITED 101 
V 
APPENDIX A 108 
APPENDIX B 113 
APPENDIX C 115 
vi 
LIST OF FIGURES 
PAPER I 
Figure 1. 
Figure 2. 
Figure 3. 
Figure 4. 
PAPER II 
Figure 1. 
PAPER III 
Figure 1. 
Figure 2. 
PAPER IV 
Figure 1. 
Figure 2. 
Comparison of daily minimum ambient air temperatures 
and medium temperatures of container-grown herbaceous 
perennials protected by structureless overwintering 
systems (Dec. 1989). 37 
Comparison of daily minimum ambient air temperatures 
and medium temperatures of container-grown herbaceous 
perennials protected by structureless overwintering 
systems (Jan. 1991). 38 
Comparison of daily maximum ambient air temperatures 
and medium temperatures of container-grown herbaceous 
perennials protected by structureless overwintering 
systems (Mar. 1990). 39 
Comparison of daily maximum ambient air temperatures 
and medium temperatures of container-grown herbaceous 
perennials protected by structureless overwintering 
systems (Mar. 1991). 40 
Effect of temperature on shoot regrowth dry mass (g) 
for five herbaceous perennial species surviving exposure 
to laboratory freezing. 53 
Relationship between regrowth quality rating and low 
temperature for Heuchera ^Chatterbox'. 65 
Relationship between regrowth dry mass (g) and low 
temperature for Heuchera ^Chatterbox'. 66 
Maximum and minimum daily air temperatures from 27 Aug. 
to 31 Dec. 1991 recorded at the Iowa State University 
Horticulture Research Station, Gilbert, Iowa. 88 
Effect of temperature on shoot regrowth quality for 
^Autumn Joy' sedum plants exposed to laboratory freezing 
during five test periods. 89 
vu 
Figure 3. Effect of temperature on shoot regrowth dry mass (g) 
for Autumn Joy' sedum plants exposed to laboratory 
freezing during five test periods. 90 
Figure 4. Effect of temperature on shoot regrowth quality for 
"Brilliant' sedum plants exposed to laboratory freezing 
during five test periods. 91 
Figure 5. Effect of temperature on shoot regrowth dry mass (g) 
for "Brilliant' sedum plants exposed to laboratory 
freezing during five test periods. 92 
Figure 6. Percentage (%) electrolyte leakage from "Autumn Joy' 
sedum crowns after exposure to laboratory freezing 
during five test periods. 93 
Figure 7. Percentage (%) electrolyte leakage from "Autumn Joy' 
sedum tuberous root tissues after exposure to laboratory 
freezing during five test periods. 94 
Figure 8. Percentage (%) electrolyte leakage from "Brilliant' 
sedum crowns after exposure to laboratory freezing 
during five test periods. 95 
Figure 9. Percentage (%) electrolyte leakage from "Brilliant' 
sedum tuberous root tissues after exposure to laboratory 
freezing during five test periods. 96 
Figure 10. Percentage (%) crown moisture evaluated in five successive 
months during seasonal acclimation. 97 
viii 
LIST OF TABLES 
PAPER I 
Table 1. 
Table 2. 
Table 3. 
PAPER II 
Table 1. 
PAPER IV 
Table 1. 
Table 2. 
Effect of structureless overwintering systems on mean 
medium temperature fluctuations (C) 29 
Effect of 5 structureless overwintering systems on 
regrowth (shoot dry mass) and percentage (%) survival of 
18 species of container-grown herbaceous perennials 30 
Effect of 5 structureless overwintering systems on 
regrowth quality of 18 species of container-grown 
herbaceous perennials 34 
Effect of low-temperature on percentage (%) survival of 
five herbaceous perennial species 52 
Effect of low-temperature on percentage (%) survival of 
Sedum 'Autumn Joy' and "Brilliant' 86 
Coefficients of correlation among quality rating, shoot 
dry mass, crown electrolyte leakage (EL) measurements, 
and tuberous root electrolyte leakage measurements for 
Sedum "Autumn Joy' and "Brilliant' 87 
ix 
ACKNOWLEDGMENTS 
I wish to express my thanks and appreciation to the members of my graduate 
committee: Dr. A.M. Blackmer, Dr. N.E. Christians, Dr. R.J. Gladon, Dr. M.W. Hefley, and 
Dr. C.R. Stewart. I would especially like to thank Dr. Nancy Howard Agnew for her 
guidance, counsel, and perserverance in directing my research and advancing my 
professional career. 
In addition, I would like to thank Dr. J.V. Carter and Dr. H.M. PeUett, Departments 
of Plant Biology and Horticultural Science, University of Minnesota, St. Paul, respectively. 
Their thoughtful comments during the formative stages of my research helped me avoid 
serious pitfalls and significantly contributed to findings described in this dissertation. 
A final thanks to Mr. Glenn Pearston for providing computer graphics assistance and 
for his special brand of humor. 
1 
INTRODUCTION 
In contrast to chilling injury, occurring after exposure to temperatures between 15C 
and OC in tropical and subtropical plants but not in plants from temperate zones, freezing 
(frost or cryo-) injury may occur in all plants (Levitt, 1980). And, because it is more 
prevalent than chilling injury, freezing stress and its many manifestations in plants has been 
more intensively studied. In fact, thousands of articles have been published since Wiegand 
(1906) first commented on the status of understanding freezing injury in plants. 
Unfortunately, much of the existing data has not been integrated adequately (Steponkus, 
1984). The lack of an integrated and comprehensive picture of freezing stress is 
understandable because plant winter hardiness is a complex property that involves many 
interacting factors. No single unifying theory can be expected to explain resistance to 
freezing injury (Olien, 1967). 
Plants growing in northern temperate zones have evolved a variety of mechanisms 
for coping with freezing temperatures (Burke et al., 1976). Most deciduous forest species and 
fruit tree cultivars avoid freezing in some, but usually not all, of their tissues by deep 
supercooling to temperatures as low as -40C in midwinter (George et al., 1974; Quamme, et 
al., 1972). Other, very hardy woody plants, such as those native to the Boreal Forest of 
North America, survive very low temperatures by means of extracellular ice formation, 
thereby avoiding lethal intracellular freezing (Burke et al., 1976). Even tender plants with 
little or no freezing tolerance may supercool slightly, receiving some protection from 
temperatures at or just below freezing (Levitt, 1980). This dissertation will focus on issues 
critical to understanding cold hardiness of herbaceous perennial landscape plants. 
Herbaceous perennials, a diverse group of landscape plants, are an economically 
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important crop for growers and retailers throughout the greenhouse and nursery industry 
(Voigt, 1992). Perennials have experienced a resurgence in popularity over the last 10 to 15 
years due in large part to their interesting, attractive flowers and foliage, their versatility, 
low-maintenance requirements, and permanence in the landscape. However, very little is 
known regarding their ultimate low-temperature tolerance, ability to cold-acclimate, and 
methods growers might dependably use to protect vulnerable container-grown stock from 
freeze injury. 
In general, herbaceous perennial plants do not supercool to any appreciable degree 
and therefore probably tolerate some ice formation in their tissues in order to survive 
freezing temperatures (Li, 1984). Several cold hardy perennial species, including winter 
wheat, cabbage, and several turfgrasses, have survived winter temperatures as low as -25C, 
however, claims of cold hardiness are often questioned because regenerative growing points 
are located at or below the soil surface, and thus are protected by residual soil heat and the 
insulating properties of snow (Burke et al., 1976). 
Also at issue is the ability of herbaceous plants to acclimate to low temperature 
during the fall. Ability to acclimate has been described for a wide array of plant species 
(Levitt, 1980), but this hardening phenomenon has not been documented for herbaceous 
pereimial landscape plants. Because of these important questions, a series of studies were 
conducted to more completely characterize the cold hardiness of these popular ornamental 
plants. 
In Paper 1 several structureless overwintering systems are evaluated for temperature 
moderation and protection of 18 species of container-grown herbaceous perennials from low-
temperature injury. Paper II describes qualitatively and quantitatively the responses of five 
container-grown herbaceous perennials to a broad range of controlled freezing temperatures. 
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Paper in tested an alternative laboratory freezing protocol (freezing dormant plant crowns) 
because freezing plant materials growing in containers frequently contributes to experimental 
variability and lack of precision. Finally, Paper IV examines the ability of two perennial 
species to cold-acclimate, and compares results from an electrolyte leakage viability 
procedure with data from regrowth tests for estimating cold hardiness after exposure to 
freezing temperatures. 
Explanation of Dissertation Format 
This dissertation consists of four manuscripts suitable for publication in the Journal 
of Environmental Horticulture, HortTechnology, HortScience, and Journal of the American Society 
for Horticultural Science, respectively. Each manuscript reflects solely my work with guidance 
from Dr. Nancy Agnew and Dr. Nick Christians. A comprehensive literature review and a 
general summary of the research are included. References cited within the Introduction, 
Literature Review, and the General Summary follow the General Summary. The 
arrangement of the tables and figures within each paper follows the guidelines of the 
American Society for Horticultural Science publications manual. 
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LITERATURE REVIEW 
Freeze Protection for Container-grown Herbaceous Perennials 
An estimated 90 percent of the shortfall between crop yield potential and average 
yield has been attributed to environmental stress (Boyer, 1982). One of the more dramatic 
environmental stresses encountered by ornamental herbaceous plant species growing in 
temperate regions is freezing stress. Available data on economic losses due to freezing lack 
precision and fluctuate from year to year (Rieger, 1989). Nevertheless, freezes affect 
individual growers, the local economy of major horticultural crop growing regions, and 
consumers due to higher prices paid for commodities in freeze years (Kiker, 1979). 
Implementation of the latest freeze protection techniques can have far-reaching benefits for 
this specialized segment of the nursery industry. 
The extension of container-growing in northern temperate zones has increased the 
importance of overwintering storage practices for nursery stock. Unlike field-grown nursery 
stock, plants overwintered in containers require special protection to prevent injury due to 
low temperatures, desiccation, and other winter-associated conditions (Smith, 1977). Studies 
have demonstrated that plant losses or poor growth result because of root damage after 
overwinter storage of container-grown plants (Havis, 1976; Studer et al., 1978). 
Minimum-heated plastic structures (polyhuts or polyhouses) provide reliable winter 
protection to containerized plants (Smith, 1977) but may be impractical for some growers 
because of high fuel costs. The use of unheated plastic structures, a rapidly expanding 
practice, offers considerable protection to plants (Davidson and Mecklenburg, 1974; Good et 
al., 1976), however, plants are often subjected to intermittent periods of high and low 
temperature and radiation, rendering them more metabolically active and more susceptible 
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to damage (Chong et al., 1979). In addition, the cost of building and maintaining polyhuts 
or polyhouses may be prohibitive for many growers. 
Protecting plants with so-called structureless systems may be the simplest and least 
expensive method for overwintering nursery stock (Beattie, 1986). Several variations of 
structureless systems have been described (Gouin and Link, 1979). In general, plants are 
consolidated container-to-container, and then covered with a sheet(s) of material having 
insulating qualities. By trapping residual heat from the soil surface and container medium 
under these covers, substantial buffering from low temperatures is realized, particularly if 
snow cover is present. Structureless systems also are able to trap and hold moisture 
sufficiently to eliminate the need for supplemental irrigation during winter. Because of their 
rigid stems and branches, most woody plants must be laid on their sides to accommodate 
this protection technique. But, herbaceous perennials can be stored upright beneath 
structureless coverings because their vegetative tops are either killed or removed before 
storage. Storing upright reduces labor expenditures and allows for easier maintenance upon 
uncovering in spring. Disadvantages of structureless systems include inaccessibility of plants 
during winter, desiccation, and induction of early spring growth due to high daytime 
temperatures beneath the protective cover (Gouin, 1977). 
Approaches designed to reduce freeze injury in the ornamental horticulture industry 
have taken many forms. But despite the comprehensive research effort put forth, there has 
been no reduction in percentage losses of horticultural commodities due to freeze protection 
research (White and Haas, 1975). Simply stated, losses have paralleled the increase in 
production of horticultural crops during the same period new methods of freeze protection 
were introduced. This disappointing fact most likely reflects a lack of feasibility and/or cost 
effectiveness of the methods currently available (Rieger, 1989). Progress towards finding a 
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solution to the freezing problem will only be made through an improved understanding of 
plant cold hardiness and freezing resistance. Accurate knowledge of critical temperatures 
for a crop at a given stage of development would allow growers an opportunity to make 
informed decisions about freeze protection and avoid unnecessary expenditures (Rieger, 
1989). 
Response of Herbaceous Plants to Freezing Stress 
Attempts to reduce damage to herbaceous plants, including ornamental perennials, 
on a practical scale via culture and management, physiological manipulations, or genetic 
improvement depend on understanding the physiology of subzero temperature stress (Li, 
1984). In general, the term freezing stress is used to define temperatures below OC that 
restrict a plant from realizing its genetic potential for growth, development, and productivity. 
Freezing stress resistance is the ability of the plant to maintain its necessary functions and 
survive freezing temperatures. 
For herbaceous plants exposed to freezing stress, two survival mechanisms have been 
distinguished, namely tolerance and avoidance (Levitt, 1980; Li, 1984). Plants avoid freezing 
injury by lowering the freezing point within their cells allowing cellular water to supercool 
or remain in a metastable equilibrium (George et al., 1982; Burke et al., 1976; George and 
Burke, 1980). Glasstone (1946) defines the term metastable equilibrium to be an equilibrium 
state which is not the most stable state at a particular temperature. A metastable system or 
state (liquid) wUl undergo a spontaneous transition to the stable state (ice) upon addition of 
the stable phase. Marcellos and Single (1976, 1979) investigated the extent of supercooling 
in many herbaceous plants and found considerable supercooling in all species tested. 
However, supercooling discovered in herbaceous plants should be distinguished from the 
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occurrence of deep supercooling observed in some woody plants (Burke et al., 1976). Deep 
supercooling is considered not to occur in herbaceous plants (Li, 1984). Because intracellular 
ice formation is fatal under normal freeze conditions (Levitt, 1980), plants are obliged to 
tolerate freezing stress through extracellular ice formation (Weiser and Wallner, 1988; 
Siminovitch and Cloutier, 1983; Levitt, 1980). 
Extracellular ice formation 
Tolerance to extracellular freezing is perhaps the major means in nature by which 
plants survive low temperatures and the presence of ice in their tissues (Li, 1984). Although 
plants can tolerate extracellular freezing to quite low temperatures, intracellular ice formation 
invariably results in death (Asahina, 1956; Siminovitch and Scarth, 1938). Intracellular 
freezing can be avoided if extracellular freezing and cell dehydration are allowed to occur 
(Hudson and Brustkem, 1965). 
Extracellular ice forms in most plant tissues when ice is used to initiate freezing at 
temperatures just below OC and the tissues are allowed to freeze slowly (Asahina, 1978). Ice 
first forms on the hydrated outer surfaces of the cell walls and then continues to grow into 
larger masses of crystals as water is drawn from the interior of the cells. Lethal injury to 
unhardy plant cells can occur directly as a result of intracellular freezing or indirectly by 
dehydration and decreases in cell volume brought about by the movement of water to 
extracellular crystals (Asahina, 1978). If tissues obtained from cold-acclimated plants are 
frozen slowly, the cells form more extracellular ice than observed with nonhardy tissues. 
These cold hardy cells contract to a remarkable degree during freezing to low temperatures 
and are able to recover normal function upon rewarming (Asahina, 1978; Pearce, 1988). 
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Freezing inixiry 
Siminovitch and Scarth (1938) concluded that both intracellular and extracellular ice 
formation result in damage to the plasma membrane, assumed to be the site of primary 
freezing injury (Steponkus, 1984). Mazur (1969,1970) proposed a two-factor hypothesis of 
injury. At relatively fast cooling rates, injury is caused by intracellular ice formation; 
whereas at slow cooling rates, injury is caused by prolonged exposure to "solution effects" 
resulting from concentration of the extracellular solution or cell dehydration. 
Interestingly, very few hypotheses have been forwarded to explain why intracellular 
ice formation would cause injury to the cell. Rupture of the cell because of expansion of ice 
has been professed since the 1600's (Levitt, 1972), but is unlikely. More recently, the notion 
that physical contact of the membrane by ice is deleterious (Mazur, 1977). An alternate view 
is that intracellular ice formation is a consequence and not a cause of injury to the plasma 
membrane (Dowgert and Steponkus, 1983). 
The literature abounds with hypotheses regarding the mechanism of freezing injury 
caused by cellular dehydration. Unfortunately, cell dehydration results in numerous 
possibilities to account for injury that are commonly categorized as "solution effects" (Mazur, 
1969; Mazur, 1970; Mazur, 1977). These include volumetric and area contraction, 
concentration of intra- and extracellular solutes, possible pH changes because of different 
solubilities of buffering compounds, and the removal of water of hydration from essential 
macromolecules. Some of these hypotheses have failed to endure rigorous experimental 
scrutiny. The demise of many hypotheses based on a single stress occur when the proposed 
mechansim does not apply under all possible situations or conditions. Given that freezing 
results in a multitude of stresses, it is more reasonable to suppose that injury is the result of 
the interaction of several stresses (Steponkus, 1984). 
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Cold acclimation 
Freezing tolerance in plants is a seasonally acquired, inducible response (Levitt, 1980). 
This response is known as acclimation or hardening, and the extent of this freezing stress 
resistance is termed as the capacity to cold accUmate. The capability to develop cold 
acclimation can be triggered by several environmental stimuli (e.g. changes in photoperiod, 
low temperature, and drought) (Chen et al.,1979; Cloutier, 1984; Graham and Patterson, 1982; 
Guy, 1990). The environmental cues for the induction of cold acclimation are well 
documented for woody species (Burke et al., 1976; Weiser, 1970). In herbaceous plants, the 
main trigger for cold acclimation response appears to be temperature (Li, 1984). Photoperiod 
often has no effect other than to supply through photosynthesis both energy and metabolites 
required for the acclimation process. 
Many herbaceous plants initiate the acclimation process once the temperature falls 
below IOC (Li, 1984). More specifically, the hardening process is governed mainly by the 
sequential action of cold (>0C), transient night frosts (<0C), and prolonged freezing, resulting 
in cell dehydration (Kacperska-Palacz, 1978). Unlike woody species, where growth cessation 
is a prerequisite for hardening (Weiser, 1970), many herbaceous plants continue to grow 
during cold acclimation, however, their morphology switches from an upright growth habit 
to a rosette or prostrate form. 
The rate of cold acclimation can be rapid and increases as the hardening temperature 
approaches OC (Gusta et al., 1988). Increased freezing tolerance has been detected after 12 
hours of acclimation in some herbaceous plants (Gihnour et al., 1988; Kurkela et al., 1988; 
Lang et al., 1989). Consequently, these plants are able to survive spurious frosts even during 
their normal growth period. The potato requires about 15 days at 2C to attain the maximum 
level of cold hardiness, but cold acclimation begins after three days of treatment (Chen and 
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Li, 1983). In winter rape, cold acclimation begins after four days (Sobczyk and Kacperska, 
1980). 
In both herbaceous and woody species, cold acclimation is under genetic control, 
however, the degree of expression is dependent upon environmental conditions. For some 
herbaceous plants, prolonged exposure to subzero temperatures results in a decrease in 
freezing tolerance, primarily in less hardy cultivars and if hardening conditions were less 
than ideal (Li, 1984). When acclimated potato plants are subjected to 20C (day/night), cold 
hardiness declines (deacclimation) in one day to the preacclimating level of the plant. Other 
herbaceous species require several days for complete deacclimation (Gusta and Fowler, 1976). 
Measuring plant cold hardiness 
Exposure to low temperatures in the natural environment is perhaps the oldest and 
ultimate test of plant cold hardiness (Li, 1984). Several factors, including ice nucleation 
temperature, freezing (cooling) rate, duration of exposure to low temperature, thawing rate, 
and postthaw conditions, contribute to the degree of injury from a given freeze-thaw event. 
Unfortunately, when plants are exposed to unreproducible natural freezing events, results 
are often difficult to interpret. Therefore, experimental or artificial freezing tests have been 
designed to provide accurate simulation of freeze-thaw stresses. But, results from such tests 
wiU be useful only if they are standardized and come close to duplicating conditions that 
might occur in nature. Levitt (1956) suggests the following as basic requirements for 
conducting freezing tests: (1) Plants must be inoculated with ice to circumvent supercooling 
and promote extracellular freezing of cell water, (2) Cooling must occur at a standard rate 
(1 to 2C/hour), (3) A single freeze must be used for a standard length of time, (4) Thawing 
must be at a standard rate of warming (slow thaw), and (5) Post-thawing conditions must 
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be standardized. 
Potted plants can be subjected to a series of subzero temperatures in a controlled-
temperature chamber at a predetermined freezing rate (Li, 1984). Upon completion of 
freezing, plants are slowly thawed and their injury can be rated visually. To ensure 
reproducibility of results, freezing tests must be replicated, controls must be included, and 
the arrangement of plants in the freezing chamber must not give rise to altered air circulation 
and temperature variations. The major drawback in using intact plants is that the materials 
being tested are sacrificed, so a large population is needed (Levitt, 1980). 
Testing for cold hardiness using excised tissue is relatively simple and is potentially 
nondestructive to intact plants (Li, 1984), however, supercooling must be prevented during 
freezing tests (Hudson, 1961). Excised tissue is more prone to supercooling than tissue that 
is intact (Lucas, 1954). With ice inoculation at about -IC, extracellular freezing occurs in 
intercellular spaces. Good correlations of cold hardiness have been obtained between tests 
with excised tissues and tests with intact plants (Sukumaran and Weiser, 1972). They also 
are consistent with field observations (Estrada, 1978). 
Viability assays 
Methods of measuring tissue viability after exposure to freezing temperatures are 
numerous in the literature (Levitt, 1980; Calkins and Swanson, 1990). According to Lyons 
et al. (1979), membrane damage is a universal manifestation of freezing in biological systems 
and many viability assays are based on this premise. However, no single test wiU be 
appropriate for aU types of plant tissue or every possible condition (Stergios and Howell, 
1973; Weist et al., 1976). Steponkus and Lanphear (1967) suggest the ideal viability test 
should eliminate the bias of visual examination, be quantitative, lend itself to statistical 
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analysis, use a small amount of tissue, ensure rapid determinations, and accurately predict 
future plant performance. 
The simplest and quickest viability assay is visual observation (Li, 1984). The 
development of a soft, water-soaked appearance (Aronsson and Eliasson, 1970; Stergios and 
Howell, 1973), tissue discoloration (Lapins, 1961; Li et al., 1965), regrowth capacity 
(Kobayashi et al., 1983; Sakai, 1965; Stergios and Howell, 1973), and attack by saprophytic 
fungi (Li et al., 1965; Rosen, 1957; Wilner, 1959) can all serve as indicators of freezing 
damage. Plant regrowth tests are ultimately the best viability tests because of their reliability 
and ability to effectively predict post-stress plant performance, however, the technique is 
time-consuming and results are qualitative in nature (Stergios and Howell, 1973). 
The loss of membrane semipermeability is often the result of freezing damage and 
results in leakage of readily diffusible materials from the cell (Weiser, 1970). Because dead 
or injured cells leak salts, measurement of the electrical conductivity of pure water in which 
previously frozen samples have been placed gives an estimate of injury (Stuart, 1941; Weiser, 
1970). This method of measuring viability, referred to as the exosmotic or electrolyte leakage 
method, was first applied in cold hardiness research in the early 1930's by Dexter et al. 
(1932), and refinements to the technique continue to be made. For example, Stuart (1939) 
found the ratio between killed (boiled) and injured tissue conductivities to be a better 
measure of injury than values of frozen tissue alone. This technique is probably relied upon 
most often in current research, even though its use has been questioned by some (Calkins 
and Swanson, 1990). 
Many other viability tests are available to the cold hardiness researcher and are 
summarized by Calkins and Swanson (1990). Because no single viability test has been found 
that is absolutely reliable, it is advisable to correlate results from several different tests rather 
13 
than rely on a single measure of viability. 
Summary 
Winter survival is a complex trait and is determined by many factors such as speed 
of acclimation during fall before a hard freeze, snow cover, soil water content, mid-winter 
thaw followed by hard freeze, speed of deacclimation during spring, and presence of biotic 
stresses. Unfortunately, the mechanisms leading to freezing injury in plants, and those that 
work to resist the direct effects of freezing are poorly understood, even after the avalanche 
of information produced by researchers interested in the effects of low temperature stress. 
The effects of low temperature on herbaceous perennial landscape plants has escaped 
the scrutiny of researchers until recently. Preliminary research indicates certain species may 
be much cold hardier than first thought. Identifying their critical overwintering organs, 
determining their ultimate low temperature tolerance, and examining their ability to 
acclimate to freezing temperatures are yet to be determined. 
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PAPER I. EVALUATION OF STRUCTURELESS OVERWINTERING SYSTEMS FOR 
CONTAINER-GROWN HERBACEOUS PERENNIALS 
15 
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ABSTRACT 
Five structureless overwintering systems were evaluated for temperature moderation 
and protection of 18 container-grown herbaceous perennials from low-temperature injury. 
Two light-excluding treatments; 30-cm (1-ft) of straw between two layers of 4-mil white 
polyethylene, and 18-cm (7-in) deep, in-ground beds protected with one layer of 4-mil white 
polyethylene and 30-cm (1-ft) of woodchips, provided the greatest moderation of winter low 
and early spring high temperatures, but also resulted in severe etiolation. A bonded white 
polyethylene/microfoam overwintering blanket (thermoblanket) with translucent properties 
provided comparable plant survival percentages despite dramatic temperature extremes 
recorded beneath this cover and, in late winter, created an environment conducive to 
moderate plant growth without formation of etiolated tissue. 
Additional index words. Achillea taygetea xmillefolium L. "The Beacon', Coreopsis lanceolata 
L. "Goldfink', Coreopsis vertidllata L. "Moonbeam' and "Zagreb', Delphinium elatum L. "Giant 
Pacific Hybrid', Gaillardia xgrandiflora Van Houtte. "Goblin', Geum quellyon Sweet. "Mrs. 
Bradshaw', Heuchera sanguinea Engehn. "Bressingham Hybrids' and "Splendens', Physostegia 
virginiana (L.) Benth. "Pink Bouquet' and "Summer Snow', Platycodon grandiflorus (Jacq.) A. 
DC. "Fuji Blue', Salvia xsuperba Stapf. "Stratford Blue', Sedum spectaUle x-telephium L. "Autumn 
Joy', Sedum spectabile Boreau. "Brilliant', Tanacetum coccineum WUld. "Robinson's Mix', 
Veronica repens Loisel., Veronica spicata L. "Icicle', etiolation, temperature monitoring, 
thermocouple, winter protection 
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INTRODUCTION 
Environmental stress may be responsible for 90% of the shortfall between crop yield 
potential and average yield (Boyer, 1982). A major cause of ornamental plant loss is freeze 
injury, mostly to roots of overwintering container-grovm nursery stock (van de Werken, 
1987). Any nursery crop can be protected from freeze injury, but economic and logistic 
factors limit the methods that can be used. In cold climates, costs of overwintering 
containerized nursery plants can approach 20 to 33% of the total nursery operation capital 
outlay (Taylor et al., 1984). Profitability becomes the dominant factor determining which 
freeze protection method to use, if any (Rieger, 1989). 
Above-ground growing systems, favored by many perennial producers, permits a 
greater degree of control over fertility and moisture levels than does field production and 
makes possible the delivery of a finished product to retailers. Container-grown herbaceous 
perennials require winter protection to survive low temperatures and temperature 
fluctuations typical of many regions in the United States and Canada. Ideally, overwintering 
systems should insulate plant roots and crowns from undesirable high and low temperatures 
and should buffer rapid temperature fluctuation. 
White polyethylene-covered quonset huts have been shown to provide adequate 
protection for many containerized nursery plants, but such structures may be too costly for 
some small-scale growers (Beattie, 1986), and be impractical in regions of the country where 
heavy snow loads are routine (Pellett et al., 1985). Alternatively, laying polyethylene film, 
thermoblankets, and/ or non woven fabrics directly over tightly grouped containers, forming 
a structureless protective blanket, is an effective and inexpensive overwintering method 
(Green and Fuchigami, 1985; McNiel and Duncan, 1983; Smith, 1984; Whitcomb, 1984). In 
fact, thermoblanket structureless systems can provide greater freeze protection than more 
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costly polyethylene shelters (Gouin and Link, 1979). 
Perry (1990) studied several freeze-protection methods for container-grown 
herbaceous perennials and found that a sandwich structureless system consisting of two 
layers of 4-mil white polyethylene with 30-cm (1-ft) of straw between the layers provided the 
least temperature fluctuation and the greatest temperature moderation in the container 
medium. Still et al. (1989), conducting similar studies in Ohio, found a microfoam 
thermoblanket effective in protecting containerized perennials from freeze injury. 
Unfortunately, additional overwintering information specific for perennials is scarce, 
particularly as it might relate to climates like that of the upper Midwest that experience 
minimal or transient winter snow cover, high light intensities, and dramatic temperature 
fluctuations. Therefore, our objective was to investigate the effectiveness of five structureless 
overwintering systems to protect 18 species of container-grown herbaceous perennials from 
low-temperature injury during winter and from potentially harmful high late-winter and 
early spring temperatures. 
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MATERIALS AND METHODS 
Winter protection systems were evaluated during 1989-90 and 1990-91 at the Iowa 
State University Horticulture Research Station at Gilbert, Iowa (USDA Hardiness Zone 5a). 
Eighteen commercially important herbaceous perennial species with different degrees of 
vdnter hardiness were chosen as test plants for the study. Geum and Tanacetum were 
included because of their reported lack of cold tolerance, and Achillea and Sedum represented 
the hardiest species. Because of supply difficulties. Coreopsis lanceolata "Goldfink' was not 
used in the second year, but Physostegia virginiana ^Summer Snow' and Veronica spicata "Icicle' 
were included. In spring 1989 and 1990, perennials were established in 3.5-liter (#1) black 
plastic containers using a medium of Canadian Sphagnum peat, perlite, field soil (2:2:1 by vol) 
amended with ground calcitic limestone to pH 6.5. Plants were grown outdoors under 20% 
shade until time of winter covering. Each plant received 5 g 17N-2.6P-10K (17-6-12) Sierra 
fertilizer plus micronutrients (Grace-Sierra Chemical Company, Milpitas, Calif.) and was 
fertilized bi-weekly until August 16 with an additional 150 ppm N from a 20N-4.4P-16.6K 
(20-10-20) water-soluble fertilizer (Grace-Sierra Hort. Products, Allentown, Pa.). Container-
grown plants were hand-weeded, watered by overhead irrigation, and treated for insect pests 
as needed. 
A split-plot design was employed with structureless winter protection treatments as 
main plots, and individual perennial species as subplots. Covering treatments were 
completely randomized and replicated three times. On November 14,1989, main treatment 
plots measuring 1.7 by 2.0 m (5.5 by 6.5 ft) were assembled and covered. These plots 
consisted of three plants of each species randomly arranged pot-to-pot on bare soil and a 
border row of extra container-grown perennials at the perimeter. The main treatment plots 
were; control - containers arranged pot-tight with no additional protection; sandwich - two 
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layers of 4-mil white polyethylene with 30 cm (1 ft) fluffed brome grass/oat straw between 
the layers and secured with lumber; thermoblanket - a bonded 4-mil white 
polyethylene/microfoam 0.6 cm (0.25 in) cover pulled tight over the plants and secured with 
lumber; polyethylene/woodchip - containers arranged in 18 cm (7 in) deep in-ground beds 
and covered with a layer of 4-mil white polyethylene and 30 cm (1 ft) of woodchips. In 
1990-91 a fifth structureless winter protection treatment was added; PLS-80 - one layer of 
PLS-80 Environmental Screen made of clear UV-stabilized polyester strips knitted to each 
other with high density polyethylene yarn and coated with s tips of aluminum to give an 85% 
shade level (Ludvig Svensson Inc., Charlotte, N.C.) pulled tight over the plants and secured 
with lumber. 
Before structureless winter protection systems were installed, each plant had existing 
foliage removed and was drenched with Daconil 2787 fungicide (chlorothalonil) to prevent 
storage diseases (Bing et al., 1987), and was irrigated to container capacity. Ground Force 
rodent bait (chlorophacinone) was placed in several locations within each plot to deter rodent 
damage. Protective covers were not removed at any time during the experiment. 
Container medium temperatures were monitored at three locations in each covering 
treatment replicate v^th copper-constantan thermocouples (Omega Engineering, Stamford, 
Conn.) placed 7.6 cm (3 in) below medium surface, 2.5 cm (1 in) from the west wall of the 
pot, and ambient air temperatures were monitored by a shielded sensor. Thermocouples 
connected to a CRIO Datalogger recorded temperatures every five minutes and calculated 
mean hourly temperature. For both studies, temperature data were recorded from time of 
cover installation to April 1. 
On April 5, 1990 and 1991, overwintering covers were removed. Plants were 
maintained according to conventional nursery practices until survival and regrowth were 
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evaluated eight weeks later. Each plant was rated visually on a scale of 1 to 5, where 1 = 
dead plant; 2 = alive with little top growth; and 3 to 5 = acceptable quality, 5 = highest 
rating. Shoot dry weights were recorded after visual evaluation. Analysis of variance was 
used to determine treatment effects with mean separation by least significant difference. 
Selected temperature data were subjected to analysis of variance according to the general 
linear model procedure within SAS and means separated by Duncan's Multiple Range Test. 
Iowa State University Statistical Consulting Services aided with data analysis. 
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RESULTS AND DISCUSSION 
Minimal snow cover and very low temperatures characterized the 1989-90 test winter, 
but an untimely snow cover blanketed plots during the coldest part of the 1990-91 winter. 
Temperature data from months representing the greatest extremes are presented. In-ground 
beds with a polyethylene/woodchip protective cover were the most effective treatment for 
moderating medium temperatures of container-grown herbaceous perennials, as the medium 
remained above -3C (26.6F) throughout the coldest period of the 1989-90 study (December 
21 to 31) (Fig. 1). Minimum temperatures in medium beneath sandwich protective covers 
were 2 to 3C (3.6 to 5.4F) lower than polyethylene/woodchip for the same period except 
during the coldest two days of the study when medium temperatures dropped below -5C 
(23F). Root-zone temperatures of -2.7 to -6C (27 to 21F) injure certain cold-sensitive perennial 
species (StUl et al., 1987). A thermoblanket provided a comparable degree of protection to 
the sandwich when ambient temperatures remained above -15C (5F) but was less effective 
at lower temperatures. From December 21 to 25, unprotected control medium temperatures 
approached a lethal -15C (5F). Polyethylene/woodchip, sandwich, and thermoblanket covers 
were different from the control in reducing medium temperature fluctuation during this time 
(Table 1). In 1990-91, extended periods of snow cover provided extra insulation and 
resulted in relatively uniform medium temperatures with only slight treatment differences 
(Fig. 2) and no difference in temperature fluctuation between treatments (Table 1). StUl, 
medium temperatures in control treatments approached a potentially lethal -6.5C (20F) while 
temperatures in containers protected by polyethylene/woodchip and sandwich covers 
remained near -2.5C (27F) on the coldest day of the study, January 31 (Fig. 2). During the 
coldest period of the 1990-91 study, the PLS-80 treatment moderated medium temperatures 
only slightly better than the control, and medium temperatures under the thermoblanket 
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were only slightly warmer than those recorded beneath the PLS-80 cover. 
It also is important for structureless overwintering systems to limit heat build-up on 
sunny days. In 1989-90, warm ambient air temperatures in March resulted in elevated 
medium temperatures in all treatment (Fig. 3). On the warmest day of the experiment, 
March 14, as ambient air temperatures reached 26C (78F), maximum medium temperatures 
in the control treatment and under thermoblanket covers approached 20C (68F), while 
maximum medium temperatures beneath sandwich and polyethylene/woodchip covers 
remained near IOC (50F). Medium temperatures were considerably more uniform when 
ambient air temperatures stayed below 15C (59F). Daily medium temperature fluctuation 
was higher in the control and thermoblanket plots than the sandwich and 
polyethylene/woodchip plots (Table 1). In 1990-91, maximum medium temperature 
differences were more pronounced (Fig. 4). The polyethylene/woodchip cover was 
consistently superior in mitigating warm day-time temperatures, keeping maximum medium 
temperatures approximately 4C (7.2F) lower than those recorded under the sandwich cover. 
On most warm days, the PLS-80 material with reflective aluminum strips and the 
thermoblanket cover were better than the control in modulating daily maximum medium 
temperatures. But, PLS-80 was not different from either the sandwich or 
polyethylene/woodchip treatment in reducing differences between daily maximum and 
minimum medium temperatures (Table 1). 
When covers were removed, considerable etiolation was noted on perennials 
protected by light-excluding sandwich and polyethylene/woodchip covers. Perermials 
protected with a translucent thermoblanket, and to a lesser degree with the PLS-80 cover, 
were green and growing vigorously upon uncovering. 
All structureless overwintering treatments resulted in greater survival percentages 
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than control treatments in both years (Table 2). Exceptionally hardy perennials like Achillea 
^The Beacon', Platycodon ^Fuji Blue', Sedutn ^Autumn Joy', and Sedum ^ Brilliant' demonstrated 
high survival percentages without any protective covering. Conversely, cold-tender Geum 
"Mrs. Bradshaw' exhibited specific low-temperature threshold requirements. In 1989-90, 
polyethylene/woodchip covers that maintained minimum medium temperatures above -4C 
(24.8F) resulted in 78 percent Geum survival, whereas only 11 and 0 percent survived under 
the cooler sandwich and thermoblanket covers, respectively (Table 2). In 1990-91, sandwich, 
polyethylene/woodchip, and thermoblanket treatments that maintained medium 
temperatures at -5C (23F) and higher resulted in 100 percent Geum survival. The PLS-80 
cover allowed medium temperatures to slip below -6C (21.2F) resulting in only 56 percent 
survival. These results are similar to those by Still et al. (1987) who reported Geum to be 
hardy only to -4.4C (24F) in controlled freezing studies. 
Regrowth measured as shoot dry weight, reflects the suitability of winter storage 
conditions. In general, acceptable regrowth occurred if perennials were protected by any of 
the structureless systems (Table 2). But, in 1989-90, polyethylene/woodchip covers resulted 
in higher shoot dry weights for cold-sensitive Geum and Tanacetum. Yet, regrowth of cold-
sensitive Delphinium "Pacific Hybrid' protected by a poorer insulating thermoblanket was 
superior to those protected by a sandwich cover, because of severe etiolation of plants under 
the latter cover. Similarly, Sedum "Autumn Joy' and Brilliant', and Physostegia "Pink 
Bouquet' protected by thermoblankets had higher regrowth dry weights than those 
overwintered under sandwich or polyethylene/woodchip covers. Plants unprotected in 
control plots in 1989-90 had lower regrowth dry weights. 
Because of persistent snow cover, differences in regrowth in 1990-91 occurred mostly 
between plants in control plots and those protected by structureless overwintering systems 
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(Table 2). Based on shoot dry weight measurements, plants deriving the most benefit from 
winter covers regardless of covering treatment included Coreopsis "Zagreb', Delphinium 
Tacific Hybrid', Physostegia Tink Bouquet' and "Summer Snow', Sedum "Autumn Joy' and 
"Brilliant', and Veronica "Icicle'. In 1990-91, etiolation was more problematic on perennials 
protected by a sandwich cover, with effect on regrowth most noticeable on Sedum "Brilliant'. 
Those protected by a thermoblanket had higher shoot dry weights measured eight weeks 
after uncovering than those covered by the sandwich. Finally, cold-sensitive Geum "Mrs. 
Bradshaw' again demonstrated its need for covers with superior insulating abilities, showing 
poorer regrowth after overwintering in control or PLS-80 plots. 
Examining quality of plant regrowth after overwintering is perhaps the best measure 
of a winter protection system. Plants surviving in control plots usually had poorer regrowth 
quality ratings than the same plant in any structureless system (Table 3). Noteable 
exceptions to this trend were Achillea and Sedum "Autumn Joy' and "Brilliant'. Surprisingly, 
if perennials survived the 1989-90 winter beneath thermoblanket covers, in most cases their 
regrowth quality ratings were as high as or higher than treatments providing greater 
temperature insulation. Because of the translucent character of this material and warm late 
winter temperatures occurring beneath it, many perennials were saleable immediately after 
uncovering in April. The same phenomenon occurred with the PLS-80 material after the 
1990-91 winter, but, because of persistent snow cover, the insulating abilities of the PLS-80 
material remain unproven as evidenced by very poor Geum regrowth quality ratings. 
Results from this study indicate that polyethylene/woodchip and sandwich covers 
are effective in moderating temperature extremes and should be favored when overwintering 
known cold-sensitive species. Alternatively, hardier species can be stored beneath 
thermoblanket covers. Judging the insulating capabilities of the PLS-80 material was made 
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difficult by snow cover during the winter it was tested. Its effectiveness may be increased 
if a layer of 4-mil white polyethylene is placed over container-grown plants first. Although 
certain cold-tolerant perennial species will survive and grow-on successfully without winter 
protection, viability will be insured and plants will be saleable sooner in spring if container-
grown perennials are protected by these simple structureless systems. 
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Table 1. Effect of structureless overwmterine systems on mean medium temperature fluctuations (C) 
Treatment 
Date Control PLS-80" Sandwich Thermoblanket Poly/Woo dchip 
December 1-31, 1989" 
January 1-31,1991'' 
March 1-31, 1990" 
March 1-31,1991' 
6.29" ay 
4.93 a 
7.24 a 
8.56 a 
4.78 a 
6.75 be 
3.94 b 
4.91 a 
4.99 b 
5.59 c 
4.46 b 
4.71 a 
6.83 a 
7.37 ab 
4.14 b 
5.00 a 
5.34 b 
6.16 be 
Treatment not included in 1989-90 experiment. 
^Means across columns followed by the same letter are not significantly different from each other using 
Duncan's Multiple Range Test, P=0.05. 
"ECDaily maximum medium temperature - Daily minimum medium temperature) = MEAN 
31 days 
^Time period includes coldest day of the 1989-90 experiment, December 25, 1989. 
Time period includes coldest day of the 1990-91 experiment, January 31,1991. 
"Time period includes warmest day of the 1989-90 experiment, March 14, 1990. 
Time period includes warmest day of the 1990-91 experiment, March 27, 1991. 
Table 2. Effect of 5 structureless overwintering systems on regrowth (shoot dry weight) and percentage (%) survival of 18 
species of container-grown herbaceous perennials 
Treatment 
Control PLS-8(P Sandwich Thennoblanket PolyAVoodchip 
Shoot Survival Shoot Survival Shoot Survival Shoot Survival Shoot Survival 
Spedes/experiment Dry (%F Dry {%) Dry (%) Dry (%) Dry (%) 
wt (g)" wt (g) wL (g) wL (g) wt (g) 
Achillea 
The Beacon' 
1989-90 12.8 a 89 — — 16.3 a 100 29.4 b 100 15.5 a 100 
1990-91 3.6 a 100 9.4 ab 100 6.8 ab 100 14.8 b 100 13.3 b 100 
Coreopsis lanceolata 
^Goldfink' 
1989-90 0.0 a 0 — — 14.6 b 100 11.7 b 100 15.1b 100 
1990-91 —^ — — — — — — — — — 
Coreopsis verticillata 
"Moonbeam' 
1989-90 0.1 a 11 — — 52.9 b 100 51.0 b 100 46.9 b 100 
1990-91 0.8 a 22 7.8 ab 89 15.6 b 100 16.6 b 100 10.3 b 100 
Coreopsis verticillata 
"Zagreb' 
1989-90 0.0 a 0 — — 42.9 b 100 46.7 b 100 45.6 b 100 
1990-91 3.8 a 67 21.4 b 100 19.1 b 100 21.1 b 100 21.8 b 100 
^Treatment not included in 1989-90 experiment. 
Tercent of container-grovm herbaceous perennials surviving (n=9). 
*Each value is the mean of 3 observations x 3 replications. Shoot diy weight means across columns followed by the same 
letter are not significantly different from each other using LSD (t-test), P=0.05, LSD=9.95 (1989-90), LSD=8.85 (1990-91). 
"Spedes unavailable for 1990-91 experiment. 
^Spedes unavailable for 1989-90 experiment. 
Table 2. (continued) 
Control PLS-8(P Sandwich Thennoblanket PolyAVoodchip 
Species/ej^eriment 
Delphinium datum 
"Pacific Hybrid' 
1989-90 
1990-91 
Gaillardia 
^grandiflora 
"Goblin' 
1989-90 
1990-91 
Geum quellyon 
"Mrs. Bradshaw' 
1989-90 
1990-91 
Heuchera sanguinea 
"Bressingham' 
1989-90 
1990-91 
Heuchera sanguinea 
"Splendens' 
1989-90 
1990-91 
Shoot Survival Shoot Survival Shoot Survival Shoot Survival Shoot Survival 
Dry (%F Dry (%) Diy (%) Diy (%) Diy (%) 
vit (g)" wt. (g) wt. (g) wt. (g) wt. (g) 
0.0 a 
0.1 a 
2.1 a 
0.0 a 
0.0 a 
0.0 a 
0.0 a 
0.0 a 
0.0 a 
0.0 a 
0 
11 
0 
0 
0 
0 
0 
0 
12.4 b 
0.5 a 
7.3 ab 
6.9 ab 
100 
21.5 b 56 37.7 c 100 38.4 c 78 
17.2 b 100 12.6 b 100 15.2 b 100 
33 — — 23.4 b 89 20.5 b 100 19.8 b 100 
0 6.7 ab 100 16.1 c 100 15.9 c 100 9.3 be 100 
56 
78 
89 
1.3 a 
12.4 b 
15.9 b 
8.5 ab 
7.7 ab 
6.1 ab 
11 
100 
100 
100 
89 
100 
0.0 a 
6.8 ab 
21.2 b 
9.0 b 
15.9 b 
11.2 b 
0 
100 
100 
100 
100 
100 
29.2 b 
10.9 b 
14.5 b 
11.9 b 
11.9 b 
10.3 b 
78 
100 
100 
100 
100 
100 
Table 2. (continued) 
Control PLS-8(P Sandwich Thennoblanket PolyAVoodchip 
Spedes/experiment 
Physostegia 
mrginiam 
Pink Bouquet' 
1989-90 
1990-91 
Physostegia 
virginiam 
Summer Snow' 
1989-90 
1990-91 
Platycodon 
grandiflorus 
"Fuji Blue' 
1989-90 
1990-91 
Salvia xsuperba 
Stratford Blue' 
1989-90 
1990-91 
Shoot Survival Shoot Survival Shoot Survival Shoot Survival Shoot Survival 
Dry (%y Dry (%) Dry (%) Dry (%) Dry (%) 
wL (g)* wt (g) wL (g) wL (g) wt. (g) 
1.1a 11 — — 26.9 b 100 40.4 c 100 
15.6 a 67 53.5 b 100 49.7 b 100 52.1b 100 
10.6 a 
3.1 a 
4.2 a 
0.9 a 
89 
44 
22 
78 
10.9 ab 
15.1 be 
89 
100 
44.6 c 
16.7 be 
21.8 be 
17.2 be 
100 
100 
78 
100 
37.2 be 
13.7 b 
31.6 e 
20.0 e 
100 
100 
100 
100 
25.5 b 100 
54.0 b 100 
1.4 a 78 21.9 be 100 27.5 e 100 18.2 b 100 29.7 e 100 
29.0 b 
24.6 c 
20.4 b 
9.9 b 
100 
100 
78 
100 
Table 2. (continued) 
Control PLS-8(P Sandwich Thernioblanket PolyAVoodchip 
Species/exp eriment 
Sedum 
"Autumn Joy' 
1989-90 
1990-91 
Sedum 
Brilliant' 
1989-90 
1990-91 
Tanacetum coccineum 
"Robinson's Mix' 
1989-90 
1990-91 
Veronica repens 
1989-90 
1990-91 
Veronica spicata 
Idcle' 
1989-90 
1990-91 
Shoot Survival Shoot Survival Shoot Survival Shoot Survival Shoot Survival 
Dry (%y Dry (%) Dry (%) Dry (%) Dry (%) 
wL (g)" wL (g) wt (g) wL (g) wt. (g) 
7.3 a 22 
23.9 a 100 
15.1 a 
5.2 a 
0.0 a 
0.0 a 
6.2 a 
0.0 a 
0.9 a 
100 
67 
0 
0 
78 
0 
44 
53.1 b 
40.2 c 
7.8 ab 
12.6 b 
23.2 b 
100 
100 
78 
100 
100 
41.5 b 
49.7 b 
17.6 a 
30.0 b 
14.1 b 
9.3 be 
14.4 ab 
12.4 b 
27.3 b 
100 
100 
100 
100 
78 
100 
100 
100 
100 
62.7 c 
50.9 b 
34.5 b 
40.2 c 
23.2 b 
17.6 c 
22.5 b 
12.6 b 
31.0 b 
100 
100 
100 
100 
89 
89 
100 
100 
100 
45.7 b 
49.4 b 
14.4 a 
36.2 be 
39.9 c 
16.2 be 
20.6 b 
12.8 b 
31.7 b 
100 
100 
100 
100 
100 
100 
100 
100 
100 
Table 3. Effect of 5 structureless overwintering systems on regrowth quality'' of 18 species of container-grown 
herbaceous perennials 
Treatment 
Species/Experiment Control PLS-SO^ Sandwich Thermoblanket Poly/Woodchip 
Achillea ^The Beacon' 
1989-1990 3.0 ab" — 3.3 ab 3.9 b 2.9 a 
1990-1991 2.3 a 3.2 ab 3.0 ab 4.0 b 3.9 b 
Coreopsis lanceolata "Goldfink' 
1989-1990 1.0 a — 4.7 c 3.4 b 3.8 be 
1990-1991 —" — — — — 
Coreopsis vertidllata "Moonbeam' 
1989-1990 1.1 a — 5.0 b 4.9 b 4.9 b 
1990-1991 1.3 a 3.1 b 3.9 be 4.2 c 3.7 be 
Coreopsis vertidllata "Zagreb' 
1989-1990 1.0 a — 4.9 b 4.8 b 4.8 b 
1990-1991 2.0 a 4.6 b 4.1 b 4.4 b 4.9 b 
Delphinium elatum "Pacific Hybrid' 
1989-1990 1.0 a — 2.6 b 3.8 c 3.6 c 
1990-1991 1.1 a 4.4 b 4.2 b 3.7 b 4.6 b 
^Ratings were l=dead plant; 2=alive, but little top growth; 3-5=acceptable, 5=highest quality. Each value is the mean of 3 
observations x 3 replications. 
^Treatment not included in 1989-90 experiment. 
'Quality ratings across columns followed by the same letter are not significantly different from each other using LSD (t-test), 
P=0.05, LSD=0.94 (1989-90), LSD=1.06 (1990-91). 
"Species unavailable for 1990-91 experiment. 
^Spedes unavailable for 1989-90 experiment. 
Table 3. (continued) 
Species/Experiment Control PLS-80 
Gaillardia xgrandiflora "Goblin' 
1989-1990 1.3 a — 
1990-1991 1.0 a 2.9 b 
Geum quellyon "Mrs. Bradshaw' 
1989-1990 1.0 a — 
1990-1991 1.0 a 1.6 a 
Heuchera sanguinea "Bressingham' 
1989-1990 1.1 a — 
1990-1991 1.0 a 3.4 b 
Heuchera sanguinea "Splendens' 
1989-1990 1.0 a — 
1990-1991 1.0 a 3.1 be 
Physostegia virginiam "Pink Bouquet' 
1989-1990 1.2 a — 
1990-1991 2.4 a 5.0 b 
Physostegia virginiana "Summer Snow' 
1989-1990 — 
1990-1991 1.8 a 3.7 b 
Platycodon grandiflorus "Fuji Blue' 
1989-1990 2.9 a — 
1990-1991 1.8 a 3.4 b 
Salvia xsuperba "Stratford Blue' 
1989-1990 1.6 a — 
1990-1991 1.8 a 4.2 be 
Sandwich Thermoblanket PolyAVoodchip 
3.7 b 3.8 b 3.3 b 
4.2 c 3.9 be 3.0 b 
1.2 a 1.0 a 4.0 b 
3.6 b 3.1 b 4.1 b 
3.4 b 4.6 c 3.6 b 
3.6 b 3.8 b 4.3 b 
2.7 b 3.4 b 3.2 b 
2.9 b 4.3 d 4.0 cd 
4.4 b 5.0 b 4.3 b 
4.9 b 4.7 b 4.9 b 
3.6 b 3.6 b 4.0 b 
4.3 b 3.8 ab 4.0 b 
3.6 b 3.8 be 4.7 c 
3.4 b 4.4 c 3.2 b 
4.1 be 4.6 e 3.3 b 
Table 3. (continued) 
Species/Experiment Control PLS-80 Sandwich Theimoblanket PolyAVoodchip 
Sedum "Autumn Joy' 
1989-1990 
1990-1991 
1.6 a 
3.2 a 4.9 b 
4.1 b 
4.6 b 
4.9 b 
4.9 b 
4.6 b 
5.0 b 
Sedum "Brilliant' 
1989-1990 
1990-1991 
3.1 a 
2.2 a 4.6 b 
3.8 ab 
4.3 b 
4.3 b 
4.6 b 
3.2 a 
4.8 b 
Tamcetum coccineum "Robinson's Mix' 
1989-1990 1.0 a 
1990-1991 1.0 a 3.1 b 
2.7 b 
4.3 c 
3.1 be 
4.3 c 
3.7 c 
4.1 be 
Veronica repens 
1989-1990 
1990-1991 
Veronica spicata "Icicle' 
1989-1990 
1990-1991 
2.7 a 
1.0 a 
1.4 a 
3.8 b 
4.3 b 
4.3 b 
4.4 b 
4.2 b 
4.8 b 
4.3 b 
4.4 b 
4.6 b 
4.7 b 
4.8 b 
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Fig. 1. Comparison of daily minimum ambient air temperatures and medium 
temperatures of container-grown herbaceous perennials protected by structureless 
overwintering systems. Each value is the mean of 3 observations x 3 replications. 
Data presented includes the coldest day of the 1989-90 experiment, 25 Dec. 1989. 
38 
-5 
d) 
%-i 
4-1 
cd 
Sh  
<u 
a 
B 
<u 
H 
- 1 0  
- 1 5  
-20  
-25  
- 3 0  
-35  
21 22 23 24 25 26 27 28 29 30 31 
January 1991 
o Ambient Air • Poly/Woodchip 
• PLS-80 • Thermoblanket 
T Control • Sandwich 
Fig. 2. Comparison of daily minimum ambient air temperatures and medium 
temperatures of container-grown herbaceous perennials protected by structureless 
overwintering systems. Each value is the mean of 3 observations x 3 replications. 
Data presented includes the coldest day of the 1990-91 experiment, 31 Jan. 1991. 
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Fig. 3. Comparison of daily maximum ambient air temperatures and medium 
temperatures of container-grown herbaceous perennials protected by structureless 
overwintering systems. Each value is the mean of 3 observations x 3 replications. 
Data presented includes the warmest day of the 1989-90 experiment, 14 Mar. 1990. 
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Fig. 4. Comparison of daily maximum ambient air temperatures and medium 
temperatures of container-grown herbaceous perermials protected by structureless 
overwintering systems. Each value is the mean of 3 observations x 3 replications. 
Data presented includes the warmest day of the 1990-91 experiment, 27 Mar. 1991. 
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ABSTRACT 
The capacity of plant materials to resume normal growth after exposure to low-
temperature is the ultimate criterion of cold hardiness. We therefore determined the low-
temperature tolerance of five commercially important herbaceous perennial species. 
Container-grown blanket flower (Gaillardia xgrandiflora Van Houtte. "Goblin')/ false 
dragonhead {Physostegia virginiana (L.) Benth. "Summer Snow'), perennial salvia (Salvia 
xsuperba Stapf. "Stratford Blue'), painted daisy (Tanacetum coccineum WUld. "Robinson's 
Mix'), and creeping veronica {Veronica repens Loisel.) were subjected to 0, -2, -4, -6, -8, -10, 
-12, -14, -16, and -18C in a programmable freezer. Most species sustained little injury 
when exposed to -IOC, but all species were damaged by treatments lower than -IOC. 
Producers of container-grown perennials are advised to provide winter protection 
measures that prohibit root medium temperatures from falling below -IOC. 
Additional index words, cold hardiness, low-temperature injury, overwintering organs, 
programmable freezer. 
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INTRODUCTION 
Field-grown herbaceous perennials and those established in the landscape survive 
low-temperature injury because regenerative growing points are located at or below the 
soil surface and thus are protected by soil heat and by insulation from snow (Burke et 
al., 1976). Because of ease of handling and transplanting, container-grown perennials 
have become popular (Bing et al., 1987). Containerization often results in overwintering 
losses because the small soil volume provides little low temperature protection for 
meristematic plant tissues. Root medium temperatures of -20C have been recorded in 
unprotected containers during winter in central Iowa (lies et al., unpublished data). In 
order to make winter management decisions, perennial producers must know the low-
temperature limits of their container-grown stock. Once identified, tender species could 
be given appropriate freeze protection, whereas more cold-hardy pereimials would 
require less protection. Root-killing temperatures have been identified for many woody 
landscape plants (Havis, 1976; Studer et al., 1978), however, similar information has not 
been determined for herbaceous perennials. 
Several methods have been used for measuring plant cold-hardiness (Calkins and 
Swanson, 1990), yet the capacity of plant materials to resume normal growth after 
exposure to low temperatures remains the ultimate criterion of viability (Palta et al., 
1978). Exposure to low temperatures in the natural environment is perhaps the oldest 
test, but unreproducibility of chance low-temperature events and variability of soil 
moisture conditions, rate of freezing, duration of exposure to low temperature, thawing 
rate, and postthaw conditions makes results difficult to interpret (Rieger, 1989). More 
reliable methods for estimating plant cold-hardiness involve controlled environments in 
which plants can be subjected to broad ranges of temperatures at specified freezing rates 
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(Johnson et al., 1987). Still et al. (1987), used a low-temperature freezer to expose ten 
species of container-grown perennials to a range of freezing temperatures. None of their 
test species were rated saleable after exposure to -12.6C, and none were capable of 
surviving -14.3C. 
The purpose of this study was to evaluate qualitatively and quantitatively the 
response of five container-grown herbaceous perennials to a broad range of controlled 
freezing temperatures. 
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MATERIALS AND METHODS 
Herbaceous perennials Gaillardia y.grandiflora "Goblin', Physostegia virginiana 
"Summer Snow', Salvia xsuperba "Stratford Blue', Tanacetum coccineum "Robinson's Mix', 
and Veronica repens were established in 0.4-liter (10-cm) square black plastic containers 
using a medium of 2 parts Canadian Sphagnum peat, 2 parts perlite, and 1 part field soil 
(v:v:v) amended with ground calcific limestone to pH 6.5. Plants were grown outdoors 
from 15 May to 13 Nov. 1990 under woven black polypropylene shade fabric (20 percent 
shade). Each plant received 4 g 17N-2.6P-10K (17-6-12) Sierra fertilizer plus 
micronutrients (Grace-Sierra Chemical Company, Milpitas, Calif.) and was fertilized 
biweekly until 21 Aug. with an additional 150 ppm N from a 20N-4.4P-16.6K (20-10-20) 
water-soluble fertilizer (Grace-Sierra Hort. Products, AUentown, Pa.). Plants were 
watered approximately twice daily during May, June, July, and August, and once daily 
during September, October, and November. Each plant was irrigated by hand until root 
medium moisture levels exceeded container capacity. On 13 Nov. plants were transferred 
to a walk-in freezer and held at 2 ±2C until freezing tests began on 28 Dec. 1990. A split-
plot experimental design was used with temperature as the main plot and species as the 
sub-plot. Each temperature/species treatment combination was replicated three times 
over time. For each temperature treatment, 15 plants (three plants each of five species) 
were selected and arranged randomly in a Scientemp programmable freezer (Scientemp 
Corporation, Adrian, Mich.) for exposure to 0, -2, -4, -6, -8, -10, -12, -14, -16, or -18C. 
Since only one freezer was used, temperature treatments were performed over time and 
randomly assigned within each replication. Control plants remained in a walk-in freezer 
at 2C during the freezing test. Test tube racks were used to suspend plants above the 
freezer floor to facilitate uniform cooling. Medium temperatures were monitored during 
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the experiment using 20-gauge copper-constantan thermocouples (Type T; Omega 
Engineering, Stamford, Conn.) inserted 4 cm deep in the center of two additional 
containers filled with growing medium. Thermocouple output was recorded on a 
Honeywell Electronik 15 multipoint recorder (Honeywell Inc., Fort Washington, Pa.). 
Freezer temperatures were lowered from the storage temperature (2C) at a rate 
of 2C per hour. Plants remained in the freezer until thermocouple readings indicated 
medium temperatures had stabilized at the desired temperature. Due to the freezing of 
water in the container medium and subsequent release of heat, a minimum of three hours 
was required for temperatures to stabilize at OC. For the medium to stabilize at lower 
treatment temperatures, 12 to 16 hours was required. After cold treatment, plants were 
removed from the freezer and placed in a low-temperature cooler (2C) to thaw gradually. 
After a 24 h thawing period, plants were transferred to a 21C greenhouse for forcing 
under natural daylength. 
After a regrowth period of 45 days, plants were rated visually using a qualitative 
scale. Shoot regrowth was harvested, dried (67C) for 72 h, and weighed. Because similar 
trends were found between visual ratings and dry mass measurements, quality rating 
data are not presented. Dead plants were treated as missing data and a least-squares 
method within the general linear model procedure of SAS (SAS Institute, Inc., Gary, N.C.) 
was used to analyze dry weights of surviving plants. 
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RESULTS AND DISCUSSION 
An important factor to consider when studying freezing injury and cold 
acclimation of plants is accurate injury assessment (Steponkus and Lanphear, 1967). 
Although survival percentages alone are poor indicators of regrowth quality after 
exposure to low temperatures, it is noteworthy that most test plants survived the -IOC 
treatment (Table 1). Exposure to temperatures below -IOC resulted in considerable 
variation in the capacity to resume growth among species used in this study. All 
Physostegia survived temperatures as low as -16C, whereas only 44% of Tanacetum 
survived -12C. Very few test plants survived the -ISC treatment. StUl et al. (1987) 
working with ten perennial species, found none capable of surviving -14.3C. 
After exposure to freezing temperatures, plants can be classified as uninjured, 
injured but living, or dead (Palta et al., 1978). However, it is difficult to ascertain the 
recovery ability of injured plants. Larcher (1980) emphasizes the importance of 
differentiating between the activity limit, at which the vital processes are only slowed, 
and the lethal limit, at which permanent injury is sustained. This determination is 
simplified by examining regrowth dry weights. But, greater attention should be given 
to regrowth trends than absolute dry weight measurements because of differences in 
growth habits, and differences in vigor and quality of regrowing vegetative tissue 
between species. 
For Gaillardia, temperatures below -8C resulted in observable crown injury (tissue 
browning) and poor regrowth dry mass (Fig. 1). Although survival percentages were 
high for Gaillardia after -10, -12, -14, and -16C treatments (Table 1), vegetative regrowth 
originating from surviving rhizomes was weak. Interestingly, shoot regrowth dry mass 
measurements were low among control plants and after the OC treatment, perhaps 
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indicating a critical low-temperature requirement that must be met before resumption of 
vigorous regrowth. 
Physostegia, regrowing from a network of storage tubers, was unaffected by 
treatment temperatures as low as -IOC (Fig. 1). A reduction in regrowth dry mass was 
observed after -12C, with substantial injury occurring after -14C. 
Both Salvia and Tanacetum resumed growth from surviving crown tissue and 
regrew acceptably after exposure to -IOC (Fig. 1). Regrowth dry mass dropped 
precipitously after these species received a -12C treatment, indicating a well-defined low-
temperature injury threshold. 
Veronica, a prostrate perennial that regrows from a dense mat of stolons, 
demonstrated vigorous regrowth after exposure to -IOC (Fig. 1). A slight reduction in 
dry mass was noted after the -12C treatment, however, plants did not suffer serious 
injury untU exposure to -14C. Veronica was seed propagated for this study which may 
partially explain the variability and poor regrowth dry mass after the -6C treatment. 
Genetically pure lines are preferred for study of plant cold hardiness (Olien, 1967). 
Determining plant viability after exposure to freezing temperatures remains a 
perplexing problem for researchers, as evidenced by the continued search for, and 
evaluation and refinement of, techniques for determination of tissue injury (Calkins and 
Swanson, 1990). Many viability assays provide information about the present status of 
certain tissues but are unable to predict final performance of the entire plant. This fact 
is especially important in the study of herbaceous perennials, where a primary 
overwintering organ may be injured by cold, but other organs or tissues (rhizomes, 
stolons, tubers, etc.) may still be capable of growth. Although laborious, regrowth 
studies are very effective for determining precentage survival and quality of shoot 
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regrowth after low temperature episodes. 
Except for Gaillardia xgrandiflora ^Goblin', perennials used in this study sustained 
no significant injury when exposed to -IOC. Regrowth dry mass of all species was 
unacceptable when plants were exposed to temperatures below -12C, although the degree 
of injury was quite variable. Producers of Gaillardia xgrandiflora, Physostegia virginiana, 
Salvia xsuperba, Tanacetum coccineum, and Veronica repens are advised to provide winter 
protection measures that prevent root medium temperatures from falling below -IOC. 
Identifying the overwintering organ(s) responsible for the perennial nature of 
these plants will help clarify how perennials withstand freezing temperatures. Gaillardia, 
Salvia, and Tanacetum regrow from crovms that consist of compressed basal stem tissue 
and have the capacity to form new growing points annually. Yet after exposure to 
crown-injuring low temperature, Gaillardia demonstrated an ability to regrow using a 
network of rhizomes as secondary overwintering organs. This finding suggests that 
Gaillardia relies on comparatively hardy rhizomes rather than on a perennial crown to 
overwinter in cold climates successfully. There was no evidence of a similar mechanism 
among Salvia or Tanacetum. Physostegia and Veronica, the most cold-hardy species studied, 
did not regrow from a single crown. Instead, Physostegia resumed growth from a series 
of storage tubers located just below the soil surface, and Veronica regrew from a dense 
network of stolons. These numerous and widely distributed surviving growing points 
(tubers and stolons), versus dependence on a single crown, may be responsible for the 
superior freeze tolerance demonstrated by Physostegia and to a lesser extent with Veronica. 
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Table 1. Effect of low-temperature on percentage (%) survival of five herbaceous perennial species 
Treatment temperature (C) 
Herbaceous perennial 0 -2 -4 -6 -8 -10 -12 -14 -16 -18 
Gaillardia xgrandiflora ^Goblin' 78' 100 100 88 100 100 78 88 78 33 
Physostegia virginiana ^Summer Snow' 100 100 100 100 100 100 100 100 100 11 
Salvia xsuperba "Stratford Blue' 100 100 88 88 100 100 67 78 67 11 
Tanacetum coccineum "Robinson's Mix' 100 100 100 100 88 88 44 0 0 0 
Veronica repens 100 100 100 100 100 100 78 22 22 0 
^Percentage (%) of test plants surviving (n=9). 
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Fig. 1. Effect of temperature on shoot regrowth dry mass (g) for five herbaceous perennial 
species surviving exposure to laboratory freezing. Standard Error of the mean (SEM) 
dry mass for Gaillardia = 0.56; Physostegia = 0.19; Salvia = 0.38; Tanacetum = 0.49; 
Veronica = 0.26. 
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ABSTRACT 
Because of variability resulting from using containerized plants in freezing 
experiments, dormant, intact crowns were used to determine the cold hardiness of the 
perennial Heuchera sanguinea Engelm. 'Chatterbox'. Crowns were placed in moist 
cheesecloth, wrapped in aluminum foil, and subjected to -4, -6, -8, -10, -12, -14, -16, or -18C 
in a programmable freezer. Regrowth quality ratings and dry mass measurements decreased 
linearly with temperature. No regrowth was evident from any crown exposed to -12C or 
lower temperatures. Freezing dormant plant crowns proved an efficient and reliable 
technique for estimating cold hardiness of Heuchera "Chatterbox'. 
Additional index words, herbaceous perennials, programmable freezer, thermocouple, 
regrowth, quality rating, dry mass 
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INTRODUCTION 
Researchers studying the effects of low-temperature stress on plant productivity have 
produced an avalanche of information (Guy, 1990). Still, relatively little is knovm about low-
temperature tolerance of herbaceous perennial landscape plants (Good, 1986). Several 
references predict plant performance by assigning hardiness-zone ratings to perennial species 
(Armitage, 1989; Clausen and Ekstrom, 1989; Still, 1988). However, ratings are based largely 
on empirical findings and do not reflect results from scientific studies. 
Cold hardiness information is vital to growers producing herbaceous perennials in 
containers. Container culture inevitably means exposing sensitive crowns and root systems 
to temperature extremes, particularly if plants are held overwinter for sale the next year. 
Several researchers have described winter protection measures for container-grown 
perennials (Perry, 1990; Still et al., 1989), but little information is currently available 
describing low-temperature tolerance for specific species. If the herbaceous perennial market 
is to continue its expansion (Voigt, 1992), growers, retailers, and landscape designers must 
thoroughly understand how low temperatures affect these popular landscape plants. 
The generally accepted laboratory technique for estimating low-temperature hardiness 
under controlled conditions involves freezing plant tissues to desired temperatures, thawing 
them, and determining degree of survival or injury (Ahmedullah and Kawakami, 1986). 
Because of difficulties encountered using small tissue parts to estimate whole-plant cold 
hardiness (Ashworth and Davis, 1984; Ashworth et al., 1985a, 1985b), Lindstrom et al. (1992) 
recommend examining whole plants because they may respond differently to freezing 
temperatures than do small leaf sections or discs. Still et al. (1987), using a low-temperature 
freezer, exposed 10 species of containerized perennials to a range of freezing temperatures. 
None of their test species was rated saleable after exposure to -12.6C. However, several 
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species demonstrated a variable response to low test temperatures. Iles and Agnew 
(unpublished data) conducting similar studies with containerized perennials, identified lethal 
low temperatures for five species, but erratic qualitative and quantitative responses were 
noted after exposure to test temperatures well above the identified killing temperature. 
Variability resulting from freezing experiments using containerized plants may arise 
from several factors. First, if containerized plants are placed pot-to-pot within the freezing 
chamber, media and crown temperatures of plants at the center of a block could be 
substantially different from temperatures at the perimeter. Second, variability is introduced 
if medium moisture differs among potted plants. For example, containers with drier soil 
would cool more rapidly than would those with higher moisture contents (Keever and Cobb, 
1984). And because reduced tissue moisture content seems related to hardiness (Li, 1984), 
medium moisture as it influences tissue hydration could affect hardiness and survival 
directly. Third, perched water tables occurring in relatively shallow containers could 
introduce variability by causing plant death unrelated to temperature effect. In addition, 
because plant crown temperatures cannot fall below the freezing point until all medium 
water freezes, using whole plants grown in containers for freezing studies can be tedious. 
Therefore, the purpose of this research was to use dormant, intact crowns to determine cold 
hardiness of the perennial Heuchera sanguinea Engelm. "Chatterbox'. 
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MATERIALS AND METHODS 
On 20 Jan. 1990, dormant crowns of Heuchera ""Chatterbox' having an average weight 
of 76 g were obtained from Walters Gardens, Inc., Zeeland, Mich, and held at 2C until 
freezing tests began on 22 Jan. A randomized complete block design was used with five 
replications over time. Twenty-four crowns per replication were randomly selected, placed 
in moist cheesecloth, wrapped in aluminum foil (McKenzie and Weiser, 1975), and 
transferred to a Scientemp programmable freezer (Scientemp Corporation, Adrian, Mich.) for 
exposure to -4, -6, -8, -10, -12, -14, -16, or -18C (3 crowns per test temperature). Control 
plants were kept at 2C ±1C during the freezing test. Test-tube racks were used to suspend 
plant crowns above the freezer floor to facilitate uniform cooling. Twenty-gauge copper-
constantan thermocouples (Type T; Omega Engineering, Stamford, Conn.) were attached to 
three extra crowns to monitor tissue temperature. Thermocouple output was recorded on 
a Honeywell Electronik 15 multipoint recorder (Honeywell Inc., Fort Washington, Pa.). 
Cooling was initiated from the storage temperature (2C) at a rate of 2C per hour. 
Temperature was reduced to the first temperature (-4C) and held for 12 h allowing the 
cheesecloth to freeze and ice to nucleate within the crown tissue. Crowns remained in the 
freezer until thermocouple readings indicated medium temperatures had stabilized at the 
desired temperature. Three samples were removed at each test temperature, transferred to 
a low-temperature cooler and allowed to thaw for 24 h at 2C. Each crown then was planted 
in 3.5-liter (#1) green plastic containers using a medium of 2 Canadian Sphagnum peat: 2 
perlite: 1 field soil (v:v:v), and transferred to a 21C ±2C greenhouse for forcing under natural 
daylength. 
After a regrowth period of 60 days, plants were rated using a 1 to 5 qualitative scale, 
with 1 indicating a dead plant; 2, a live plant with little top growth; and 3 to 5, a plant of 
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acceptable quality, 5 being the highest rating. Shoot regrowth was harvested, dried at 67C 
for 72 h, and weighed. Quality rating and dry mass data were subjected to analysis of 
variance procedures and regression analysis. 
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RESULTS AND DISCUSSION 
Negative linear relationships between regrowth indices and low temperature were 
observed. Quality ratings decreased with temperature, falling below an acceptable value 
after exposure to -IOC (Fig. 1). Dry mass also decreased linearly with decreasing 
temperature (Fig. 2). No regrowth was observed from any crown exposed to -12C or lower. 
These results agree with findings from a winter-protection study (lies and Agnew, 
unpublished data) in which several cultivars of containerized Heuchera sanguinea left 
unprotected in control treatments failed to resume growth after experiencing medium 
temperatures below -12C. 
Using plant materials growing in containers for freezing tests may contribute to 
experimental variability and lack of precision. Container medium is capable of buffering 
plant tissues from low temperatures, and questions often arise concerning the reliability of 
findings from experiments in which plant and growing medium are treated as one. In our 
study using dormant crowns of Heuchera "Chatterbox', the equation describing the 
relationship between low temperature and regrowth quality rating accounted for 73% of the 
variability. The regression equation for low temperature vs. regrowth dry mass accounted 
for 88% of the variability. These values demonstrate that freezing dormant plant crowns is 
a reliable technique for estimating cold hardiness of herbaceous perennials. Our laboratory 
method also maximizes freezer space, allowing more experimental units per replication than 
is possible with cumbersome containerized plants. 
Because intracellular freezing is always fatal, is aided by deep supercooling of plant 
tissues, and rarely occurs in nature, every effort should be made to favor extracellular 
freezing and cell dehydration during laboratory cold hardiness studies (Levitt, 1980). To 
avoid excessive supercooling, which could result in rapid rates of ice crystal growth and 
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excessive tissue damage when ice formation eventually begins, plant cold hardiness 
researchers often innoculate tissues with ice just below OC (Ashworth and Davis, 1987; Li, 
1984) or apply moisture to plant surfaces before conducting laboratory freezing experiments 
(Ashworth, 1991). When tissues are not seeded with ice, inappropriate results and 
misinterpretations can result (Ashworth, 1991; Ashworth and Davis, 1987). In our study, 
damp cheesecloth served as the ice nucleating agent and insured that the temperature at 
which tissues initially froze was representative of field conditions. 
Results herein were compared with hardiness zone ratings provided in several 
herbaceous perennial references. We found Heuchera ^Chatterbox' incapable of surviving 
-12C and colder, yet Heuchera sanguinea is frequently assigned a USDA zone 3 hardiness 
rating (Armitage, 1989; Clausen and Ekstrom, 1989). Wildung et al. (1973), monitoring soil 
temperatures (15 cm deep) in USDA hardiness zone 4a during a winter with modest snow 
cover, reported temperatures as low as -18C under unmulched soil, suggesting zone 3 is 
inappropriate for Heuchera sanguinea. 
It is important that degree of acclimation, storage conditions before freezing, and 
relative health of plants be known before a final decision is rendered about the cold 
hardiness of any herbaceous perennial. These plants also should be evaluated for ability to 
withstand cooling rates faster than 2C per hour and multiple freezing and thawing events. 
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Temperature (C) 
Fig. 1. Relationship between regrowth quality rating and low temperature for Heuchera 
Chatterbox'. Y = 4.9 + 0.22 (Temp), = 0.73. Regression coefficient is significantly 
different from zero (P=0.05). Data presented are means of 3 observations x 5 
replications. Quality ratings were l=dead plant; 2=alive, but little top growth; 3-
5=acceptable, 5=highest quality. None of the test plants survived exposure to -12C 
or lower. 
66 
Temperature (C) 
Fig. 2. Relationship between regrowth dry mass (g) and low temperature for Heuchera 
^Chatterbox'. Y = 4.4 + 0.18 (Temp), = 0.88. Regression coefficient is significantly 
different from zero (P=0.05). Data presented are means of 3 observations x 5 
replications. None of the test plants survived exposure to -12C or lower. 
67 
PAPER IV. SEASONAL COLD-ACCLIMATION PATTERNS OF 
"AUTUMN JOY' AND 'BRILLIANT' SEDUM 
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ABSTRACT 
Electrolyte leakage and regrowth tests were performed in Sept. through Jan. to 
determine cold hardiness of container-grown Sedum spectabile xtelephium L. "Autumn Joy' and 
Sedum spectabile Boreau. "Brilliant' plants exposed to natural temperature and photoperiod 
in central Iowa. Plant crowns were subjected to 0, -3, -6, -9, -12, -15, -18, -21, -24, or -27C in 
a programmable freezer. Regrowth tests were performed on whole crowns and electrolyte 
leakage determinations were made on excised tuberous root and crown tissue. Both cultivars 
were killed at -3C in Sept. By Oct. the killing temperature for "Autumn Joy' had decreased 
to -12C, with more gradual acclimation occurring thereafter. The kUling temperature for 
"Brilliant' decreased from -3C in Oct. to -18C in Nov. Maximum hardiness was achieved in 
Jan. with killing temperatures of -24C and -21C for "Autumn Joy' and "Brilliant', respectively. 
Correlation coefficients suggest the electrolyte leakage procedure reliably estimated "Autumn 
Joy' cold hardiness, but was less accurate for "Brilliant'. Regrowth tests, though tedious and 
qualitative, are reliable predictors of plant viability. Electrolyte leakage tests accurately 
estimated survival of plants exposed to freezing temperatures using either excised crown or 
tuberous root tissue. 
Additional index words, herbaceous perennial, controlled freezing tests, regrowth, 
electrolyte leakage, killing temperature, crown, tuberous root tissue 
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INTRODUCTION 
Most herbaceous perennial landscape plants depend on surviving regenerative tissues 
such as crowns, stolons, or rhizomes to overwinter successfully in northern climates. Because 
these regenerative growing points are located at or below the soil surface, or are protected 
by insulating snow cover, little attention has been given to investigating their ability to cold 
acclimate or identifying their specific low-temperature tolerance. As more perennials are 
produced and held through winter in containers, thereby exposing them to potentially lethal 
low temperatures, cold hardiness information becomes more important. 
The ability of plants to tolerate freezing is a heritable property (Siminovitch, 1981). 
Many plant species growing in northern temperate zones have no genetic capacity for 
developing cold hardiness, while those that can develop it in varying degrees. Thus, 
Lycopersicon esculentum (tomato) plants will be killed by the first light frost while many 
woody plants are able to withstand temperatures as low as -196C (Levitt, 1980). In plants 
having the genetic capability for developing cold hardiness, the property is not always 
present, but is elicited only after a conditioning process. 
Cold acclimation is an essential survival mechanism of woody plants growing in 
temperate regions (Teets et al., 1989), and seasonal changes in freezing tolerance have been 
reported for a number of woody species (Flint, 1972; Howell and Weiser, 1970; Irving and 
Lanphear, 1967; van Huystee et al., 1967). Herbaceous plants have a limited capacity to 
withstand subzero temperatures during the growing season (Fennell and Li, 1987), however, 
researchers have identified several species that acclimate extensively when exposed to cold-
acclimating environments (Gusta and Fowler, 1976; Li, 1984; Kohn and Levitt, 1965; Peavy 
and Greig, 1973). When observed under natural conditions in the field, the acclimation 
pattern of some overwintering herbaceous plants seems to approximate that of woody 
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perennials, but is more closely associated with the advent of low temperatures than 
shortening daylength (Burrows et al., 1989; Dexter, 1933; Fennell and Li, 1987; Steponkus, 
1978). But seasonal cold-acclimation patterns have not been established for herbaceous 
perennial landscape plants. Therefore, the principal objectives of this study were (1) to 
determine the seasonal cold-acclimation pattern of two Sedum cultivars in response to natural 
environmental conditions in central Iowa and (2) to compare the electrolyte leakage viability 
test with regrowth tests as methods for determining relative cold hardiness and seasonal 
cold-acclimation patterns. 
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MATERIALS AND METHODS 
Plant materials and culture 
In Apr. 1991, plugs of Sedum "Autumn Joy' and Brilliant' were obtained from Green 
Leaf Enterprises, Inc. (Leola, Pa.) and established in 3.5-liter black plastic containers using 
a medium of 2 Canadian Sphagnum peat: 2 perlite: 1 field soil (v:v:v) amended to pH 6.5. 
These taxa were chosen because of their reported cold hardiness (Armitage, 1989; Clausen 
and Ekstrom, 1989; Praeger, 1967), but observed difference in relative hardiness between 
cultivars (lies et al., unpublished). Plants were grown outside at the Iowa State University 
Horticulture Research Station, Gilbert, Iowa (USDA Hardiness Zone 5a) in a shadehouse (20 
percent Ught exclusion) under natural conditions until time of freezing tests. They were 
covered with a bonded 4-mil white polyethylene/microfoam 0.6-cm thermoblanket when 
ambient air temperatures were predicted to fall below -IOC. Each plant was irrigated as 
needed with tap water, received 5 g 17N-2.6P-10K (17-6-12) Sierra fertilizer plus 
micronutrients (Grace-Sierra Chemical Company, MUpitas, CaUf.) and was fertilized biweekly 
until 15 Aug. with an additional 150 ppm N from a 20N-4.4P-16.6K (20-10-20) water-soluble 
fertilizer (Grace-Sierra Hort. Products, Allentown, Pa.). 
Freezing procedure 
Controlled freezing tests, which have shown good correlation with field survival of 
many woody and herbaceous species (Levitt, 1980), were conducted monthly to monitor the 
seasonal change in cold hardiness of "Autumn Joy' and "Brilliant' sedum. Tests were 
replicated three times during each test period; 1 to 6 Sept., Oct., Nov., Dec. 1991, and 1 to 
6 Jan. 1992. Twenty-two container-grown plants were randomly selected for each replication 
and cultivar; eleven each for hardiness determinations using a regrowth procedure and an 
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electrolyte leakage test. Because vegetative tissues of "Autumn Joy' and "Brilliant' are killed 
to the ground in winter with new growth arising from growing points in their crown region, 
we assumed plant crowns to be the primary overwintering organ. 
Plants were removed from their containers, stem tissue was trimmed to 3 cm above 
the crown, and crowns with roots attached were rinsed with cold tap water to remove soil 
and plant debris. Crowns were placed in moist cheesecloth, wrapped in aluminum foil 
(McKenzie and Weiser, 1975) and transferred to a Scientemp programmable freezer 
(Scientemp Corp., Adrian, Mich.) capable of linear cooling rates, for exposure to 0, -3, -6, -9, 
-12, -15, -18, -21, -24, or -27C. Control plants were held at 3C during the freezing test. Test-
tube racks were used to suspend crowns above the freezer floor to facilitate uniform cooling. 
Twenty-gauge copper-constantan thermocouples (Type T, Omega Engineering, Stamford, 
Conn.) were attached to the surface of three extra crowns to monitor tissue temperature. 
Thermocouple output was recorded on a Honeywell Electronik 15 multipoint recorder 
(Honeywell Inc., Fort Washington, Pa.). Preparation for each replication was completed 
within 4 to 6 h of collection. 
Cooling was initiated from 3C at a rate of 2C/h, which is considered realistic when 
investigating mechanisms of freezing injury (Palta and Weiss, 1993). Coupled with slow 
cooling rates, ice nucleation and freezing of extracellular water were promoted by wrapping 
crowns with damp cheesecloth. This protocol closely simulated conditions that might occur 
in container or field culture. Two crowns per cultivar were removed from the freezer at each 
treatment temperature, transferred to a cooler and allowed to thaw slowly for 24 h at 3C. 
Fast thaw rates can result in a higher degree of injury to cell membrane function irrespective 
of stress levels imposed or state of acclimation (Palta and Weiss, 1993). 
74 
Cold hardiness and viability determinations 
Two procedures were used for determining cold hardiness levels of Sedum ^Autumn 
Joy' and "Brilliant'. For the regrowth procedure, thawed crowns (1/treatment 
temperature/replication/cultivar) were planted in 3.5-liter green plastic containers using a 
medium of 2 Canadian Sphagnum peat: 2 perlite: 1 field soil (v:v:v), and transferred to a 
greenhouse for forcing at 21C. After a regrowth period of 60 days, plants were rated using 
a 1 to 5 qualitative scale, with 1 indicating a dead plant; 2, a Uve plant with little top growth; 
and 3 to 5, a plant of acceptable quality, 5 being the highest rating. Shoot regrowth was 
harvested, dried at 67C for 96 h, and weighed. 
Degree of injury at each temperature also was estimated by electrolyte leakage 
measurements, a method used successfully for determining freezing resistance for many food 
crop and ornamental plants (Anderson et al., 1988). Determinations were made on excised 
crown and tuberous root tissue to compare their relative hardiness. Three 1-cm sections of 
tuberous root tissue were excised from thawed crowns. Sections were triple-rinsed with 
deionized water to remove exogenous electrolytes (Nanaiah and Anderson, 1992), placed into 
individual 50-ml polypropylene test tubes containing 25 ml of deionized water, and 
incubated on an orbital shaker for 24 h at 24C in the dark. Remaining crown tissue was 
trimmed to a 3- to 5-cm length with stem, root, and tuberous root tissue removed and treated 
as described for tuberous root tissue. After incubation, initial electrical conductivity (EC) 
measurements were taken on crown and tuberous root tissue in each test tube using a 
conductance meter (Model 35, Yellow Springs Instrument Co., Yellow Springs, Ohio). Final 
electrical conductivity measurements were taken after tissues were killed by immersing test 
tubes in an 80C water bath for 1 h and incubating for 24 h on an orbital shaker in the dark. 
Percentage electrolyte leakage (EL) at each temperature was expressed as EL(%) = (Initial 
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EC/Final EC) x 100. EC values are low when the tissue suffers little or no damage during 
freezing. High values indicate severe injury or killing of the tissue (Levitt, 1980). EC 
measurements were made on 1 crown/treatment temperature/replication/cultivar. Statistical 
differences were determined by analysis of variance. 
Percentage crown moisture 
Three extra crowns from each cultivar were evaluated for percentage (%) moisture 
during each freezing test period. Plants were removed from their containers, stem tissue was 
trimmed to 3 cm above the crown, and soil was gently removed from crown and root tissue. 
After obtaining fresh mass, crowns were dried in an oven at 67C for 96 h and reweighed. 
Percentage crown moisture (CM) for each test period was expressed as CM(%) = (Fresh 
Mass/Dry Mass) x 100. 
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RESULTS AND DISCUSSION 
Percentage survival 
Several methods exist for estimating low-temperature tolerance of plant species after 
exposure to freezing temperatures. The most reliable and widely used assay is the regrowth 
test in which groups of plants are freeze-stressed before transfer to environments suitable for 
promoting regrowth (Zhang and Willison, 1987). Cold hardiness or killing temperatures are 
then identified by determining the temperature at which an unacceptable number of plants 
are kiUed. Based on percentage survival data alone, freezing temperatures were considered 
lethal if they resulted in plant survival percentages < 67%. Both Sedum ^Autumn Joy' and 
Brilliant' (Table 1) cold-acclimated as survival percentages increased at successively lower 
temperatures over the fall and winter acclimation period. Cold acclimation for "Autumn Joy' 
began well before the advent of freezing (Fig. 1). By October, the killing temperature for 
"Autumn Joy' decreased to -12C. The killing temperature for "Brilliant' in October was -3C. 
The greatest increase in freeze tolerance for "BrilUant' came at the November test as 100% 
survival was recorded after exposure to -15C. Only slight changes in cold-acclimation were 
noted thereafter (Table 1). The killing temperature for "Autumn Joy' in November was 
-15C. Exposure to lower minimum ambient temperatures occurring in November and 
December presumably was responsible for increased cold hardiness for both cultivars and 
resulted in maximum cold-acclimation by the January test date, with killing temperatures of 
-27 and -21C determined for "Autumn Joy' and "Brilliant', respectively. 
These results indicate Brilliant' achieves a considerable degree of hardiness earlier 
than "Autumn Joy' after exposure to daily minimum temperatures between 0 and -5C, but 
before routine exposure to temperatures -IOC and lower. "Autumn Joy' begins acclimating 
before exposure to freezing temperatures even though low temperatures, not short days, are 
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considered the primary factor for initiating the cold-acclimation process (Li, 1984). Unlike 
"Brilliant', 'Autumn Joy' continues steady cold-acclimation throughout fall and early winter, 
achieving greatest hardiness by January. 
Regrowth dry mass and quality ratings 
Conclusions based on percentage survival data are slightly modified after examining 
shoot regrowth dry mass and quality rating data. Unlike percentage survival figures, these 
data suggest a gradual transition from undamaged or viable to killed tissues over the span 
of several degrees, particularly at the December and January test dates. Quality ratings and 
dry mass of 'Autunm Joy' (Figs. 2 and 3) and 'Brilliant' (Figs. 4 and 5) were highest at the 
January test, remaining relatively constant after exposure to temperatures from 3 to 
-15C, but falling below an acceptable level after exposure to -24C for 'Autumn Joy' and -21C 
for 'Brilliant'. Because regrowth measurements are better indicators of plant performance 
after low-temperature insult than simple percentage survival data, a more accurate killing 
temperature for 'Autumn Joy' at maximum cold-acclimation is -24C. 
Trends were similar at the December test, however, temperatures below -15C for 
'Autumn Joy' (Fig. 2) and -ISC for 'Brilliant' (Fig. 4) resulted in unacceptable regrowth 
quality. Regrowth measurements for both cultivars were difficult to interpret at the 
September, October, and November test dates. Although response measurements increased 
at decreasing treatment temperatures from September to November, regrowth was 
considerably less vigorous than in subsequent months (Figs. 2-5). These results suggest 
'Autumn Joy' and 'Brilliant' wall not regrow vigorously until a chilling requirment has been 
satisfied. A similar occurrence was noted in cold hardiness studies with Panicum virgatum 
(switchgrass). Plants freeze-tested during the cold hardening period in October and 
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November failed to initiate new vegetative growth when placed in a greenhouse unless 
dormancy was broken with 30C (Hope and McElroy, 1990). Harris (1973) blamed poor 
regrowth in Fragaria virginiam (strawberry) after a late October freeze test on dormancy and 
unsatisfied cold requirement. 
Electrolyte leakage vs. regrowth determinations 
In most cases, rating scales describing the quality and vigor of regrowth after low-
temperature exposure provide more information about tissue viability and are easier to 
interpret than dry mass measurements alone. For Sedum "Autumn Joy' and "Brilliant' 
(Table 2), regrowth quality ratings were significantly correlated with crown and tuberous 
root electrolyte leakage measurements, although the relationship was stronger for "Autumn 
Joy'. For all test dates, treatment temperatures resulting in "Autumn Joy' crown (Fig. 6) and 
tuberous root (Fig. 7) electrolyte leakage > 40%, closely matched killing temperatures as 
determined by regrowth quality ratings. The relationship between crown and tuberous root 
electrolyte leakage and regrowth quality measurements was not as weU-defined for 
"Brilliant', but in general, > 40% electrolyte leakage closely predicted killing temperatures 
(Figs. 8 and 9). Tissue viability determinations using electrolyte leakage data are relatively 
easy to interpret during the early stages of cold-acclimation, but identifying a single lethal 
temperature or range of lethal temperatures becomes increasingly difficult as plants approach 
maximum winter hardiness. 
The observed correlation between electrolyte loss and regrowth quality rating 
suggests the electrolyte leakage test is an accurate method for rapidly evaluating cold 
hardiness of other species and cultivars of sedum, and possibly other species of herbaceous 
perennials. Further, the strong correlation between crown and tuberous root electrolyte 
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leakage measurements for ^Autumn Joy' and Brilliant' (Table 2) indicate either tissue would 
be suitable for estimating viability and survival potential of plants exposed to freezing 
temperatures. 
There was a weak association between regrowth shoot dry mass and tuberous root 
conductivity for Autumn Joy' but no relationship between dry mass and crown conductivity 
(Table 2). There were no correlations between ^Brilliant' dry mass and crown or tuberous 
root conductivity. 
Percentage crown moisture 
Decreases in plant water content have been correlated with increasing freeze tolerance 
in small grains (Brule-Babel and Fowler, 1988; Metcalf et al., 1970; Mass, 1983; Siminovitch 
and Cloutier, 1982; Tyler et al., 1981; Willemot and Pelletier, 1979), Medicago sativa (alfalfa) 
(Stout, 1980), turfgrass (Gusta et al., 1980), and woody plants (Levitt, 1980), however, Sedum 
"Autumn Joy' and Brilliant' did not express this relationship in this study. Percentage 
crown moisture declined in October for both cultivars, but changed very little when sampled 
in subsequent months (Fig. 10). "Autumn Joy' crowns were drier than "Brilliant' crowns 
from October through January, offering a possible explanation for its slightly greater cold 
hardiness. 
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CONCLUSIONS 
Results from this study indicate that Sedum ^Autumn Joy' and Brilliant' have the 
ability to cold-accUmate, each demonstrating increased hardiness as fall and early winter 
progressed. ^Autumn Joy' initiated cold acclimation before the arrival of freezing 
temperatures, whereas "Brilliant' responded with a marked increase in cold hardiness, 
surpassing cold hardiness of "Autumn Joy' at the November test date after experiencing 
minimum temperatures in the range of 0 to -5C. Brilliant' reached its maximum hardiness 
by December vdth a killing temperature of -21C, while "Autumn Joy' continued to acclimate 
until January, achieving a killing temperature of -24C. Both cultivars have demonstrated an 
ability to survive harsh winters in the landscape, but could suffer injury if overwintered 
aboveground in nursery containers. Media temperatures of -20C have been recorded in 
unprotected containers during winter in central Iowa (lies et al., unpublished data). 
Regrowth determinations and electrolyte leakage tests are useful assays for 
determining cold hardiness levels after freezing tests, however, regrowth measurements were 
difficult to interpret when plants were in early stages of acclimation. After plants had 
undergone sufficient low-temperature stress (December test date) regrowth determinations 
were very effective in identifying injurious low temperatures. The electrolyte leakage test 
was very accurate in predicting killing temperatures of "Autumn Joy', but was less reliable 
for "Brilliant'. In general, temperatures resulting in > 40% loss of electrolytes were found to 
correspond with killing temperatures for both cultivars as determined by regrowth quality 
ratings. But, this test will require further refinement before it can be used as the sole 
indicator of killing temperatures for herbaceous perermial plant tissues. Results from 
electrolyte leakage tests are quantitative, can be obtained in approximately 48 hours from 
time of freezing event, and preclude the need for potting materials and greenhouse space. 
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A major disadvantage is the intensive labor required for preparing crown samples for 
electrolyte leakage determinations. These difficulties could be circumvented if tuberous root 
tissue is used to estimate whole plant injury. 
Results presented here are valid only for the unique set of acclimating conditions in 
central Iowa in 1991-92. Plants acclimating at different geographic locations and/or in 
different years may express different hardiness levels, but relative differences between 
^Autumn Joy' and "BriUiant' should remain constant. 
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Table 1. Effect of low-temperature on percentage (%) survival of Sedum ^Autumn Toy' and Brilliant' 
Treatment temperature (C) 
Treatment date 0 -3 -6 -9 -12 -15 -18 -21 -24 -27 
Sept. 1-6 
Autumn Joy' 100^ Qy 0 0 0 0 0 0 0 0 
"Brilliant' 100 Qy 0 0 0 0 0 0 0 0 
Oct. 1-6 
"Autumn Joy' 100 67 67 100 oy 0 0 0 0 0 
"Brilliant' 100 oy 0 0 0 0 0 0 0 0 
Nov. 1-6 
"Autumn Joy' 100 100 100 100 100 33^ 0 0 0 0 
"Brilliant' 100 100 100 100 100 100 33^ 0 0 0 
Dec. 1-6 
"Autumn Joy' 100 100 100 100 100 100 67 67 0>' 0 
"Brilliant' 100 100 100 100 100 100 67 33^ 0 0 
Jan. 1-6 
"Autumn Joy' 100 100 100 100 100 100 100 100 67 Qy 
"Brilliant' 100 100 100 100 100 100 100 33y 0 0 
Percentage (%) of test plants surviving (n=3). 
y< 67% survival = killing temperature. 
Table 2. Coefficients of correlation among quality rating, shoot dry mass, crown electrolyte 
leakage (EL) measurements and tuberous root electrolyte leakage measurements 
for Sedum "Autumn Tov^ and "Brilliant" 
Dry mass Crown EL Tuber EL 
Quality rating 
"Autumn Joy' 0.82"* -0.71*** -0.73*** 
"Brilliant' 0.88" -0.67"* -0.63*** 
Dry mass 
"Autumn Joy' -0.14"' -0.21* 
"Brilliant' -0.20"" -0.05"' 
Crown EL 
"Autunrn Joy' 0.85"*' 
"Brilliant' 0.82*** 
/ / / Significant at P=0.05, 0.01, 0.001, or not significant, respectively. 
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Fig. 1. Maximum and minimum daily air temperatures from 27 Aug. to 31 Dec. 1991 
recorded at the Iowa State University Horticulture Research Station, Gilbert, Iowa. 
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Fig. 2. Effect of temperature on shoot regrowth quality for "Autumn Joy' sedum plants 
exposed to laboratory freezing during five test periods. Ratings were l=dead plant; 
2=alive, but little top growth; 3-5=acceptable, 5=highest quality. Each point is the 
mean of three observations. 
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Fig. 3. Effect of temperature on shoot regrowth dry mass (g) for ^Autumn Joy' sedum 
plants exposed to laboratory freezing during five test periods. Each point is the 
mean of three observations. 
91 
5 
4 
LSD (0.05) = 0.41 
3 
'Brill iant '  
2 
3 0 -3 - 6  -9 12 15 18 21 -24 -27 
Temperature (C) 
• September 1-6 •  November 1-6 
A October 1—6 •  December 1—6 
O January 1--6 
Fig. 4. Effect of temperature on shoot regrowth quality for 'Brilliant' sedum plants exposed 
to laboratory freezing during five test periods. Ratings were l=dead plant; 2=alive, 
but little top growth; 3-5=acceptable, 5=highest quality. Each point is the mean of 
three observations. 
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three observations. 
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Fig. 6. Percentage (%) electrolyte leakage from "Autumn Joy' sedum crowns after exposure 
to laboratory freezing during five test periods. Each point is the mean of three 
observations. 
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Fig. 7. Percentage (%) electrolyte leakage from ^Autumn Joy' sedum tuberous root tissues 
after exposure to laboratory freezing during five test periods. Each point is the mean 
of three observations. 
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Fig. 8. Percentage (%) electrolyte leakage from "Brilliant' sedum crowns after exposure to 
laboratory freezing during five test periods. Each point is the mean of three 
observations. 
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Fig. 9. Percentage (%) electrolyte leakage from 'Brilliant' sedum tuberous root tissues after 
exposure to laboratory freezing during five test periods. Each point is the mean of 
three observations. 
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GENERAL SUMMARY 
Production of landscape plants in containers has expanded rapidly in recent years and 
now represents more than one-half of aU landscape plants sold in the United States (Beattie, 
1986). While the production of container-grown plants has revolutionized the nursery 
industry, considerations related to overwintering remain one of the principal cultural 
problems, particularly in northern growing regions. Container-growing is favored by many 
herbaceous perennial producers. Growers have used a variety of systems to successfully 
overwinter container-grown perennials. But, because of their tremendous diversity and 
widely divergent cold hardiness characteristics, no industry-wide system has been accepted. 
In Paper I., several structureless overwintering systems were shown to be effective for 
protecting container-grown perennials from low-temperature injury. Light-excluding 
polyethylene/woodchip and sandwich covers provided the greatest moderation of venter 
low and early spring high temperatures, but also resulted in severe etiolation. A 
thermoblanket with translucent properties provided a comparable degree of protection 
without promoting etiolated tissue. 
Determining when protective covers should be removed in early spring remains one 
of the most difficult management decisions for the perennial producer. Although sandwich 
and polyethylene/woodchip covers provided excellent protection from cold, plants under 
them are virtually inaccessible during winter particularly if snow or ice cover is present, and 
they cannot be easily removed or vented during warm periods. And, it is apparent light-
excluding protective covers must be removed earlier in the season to prevent tissue 
etiolation. Unfortunately, removing covers before all danger of low-temperature injury has 
passed presents problems for young, tender tissue. Realizing the difficulty in reapplying 
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either the sandwich or polyethylene/woodchip structureless cover, a single layer of white 
polyethylene or a thermoblanket could be used to protect fragile foliage of growing 
perennials temporarily during episodic low-temperature events. Alternatively, because 
thermoblankets are simply laid over container-grown plants, they can be easily removed for 
plant inspection or to prevent heat build-up on warm, sunny days, and their translucent 
character prevents undesirable tissue etiolation during late winter storage. 
In order to make winter management decisions, herbaceous perennial producers must 
know the low-temperature limits of their crop plants, however, such information has not 
been generated. Once identified, tender species could be given appropriate freeze protection, 
whereas more cold-hardy perennials would require less protection. In Paper II., an attempt 
was made to determine the low-temperature hardiness of five perermial species using 
containerized plants. Although -IOC was identified as the critical temperature for Gaillardia 
"GobUn', Physostegia Summer Snow', Salvia "Stratford Blue', Tanacetum "Robinson's Mix', and 
Veronica repens, with exposure to lower temperatures causing significant injury, erratic 
qualitative and quantitative responses occurring weU above -IOC prompted an investigation 
of an alternative freezing protocol. In Paper III., dormant crowns of Heuchera "Chatterbox' 
were wrapped in damp cheesecloth and freeze-tested. This method reduced experimental 
variablity, established the killing temperature of -12C for Heuchera "Chatterbox', and allowed 
more experimental units per replication than was possible using containerized plant 
materials. 
While these studies demonstrate herbaceous perennials do have the genetic capability 
for developing cold hardiness, regardless of the favorable locations of their regenerative 
growing points, seasonal cold-acclimation or conditioning processes were not established. 
Therefore, Paper IV. identified the cold-acclimation patterns of Sedum "Autumn Joy' and 
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^Brilliant', and compared the electrolyte leakage viability test with data from regrowth tests 
as means for determining relative cold hardiness. Both cultivars demonstrated the ability to 
cold-accUmate, but patterns of acclimation were decidedly different. ^Autumn Joy' began 
cold-acclimating before the advent of freezing temperatures, gradually reaching maximum 
hardiness by January (-24C). "Brilliant' demonstrated an erratic cold-acclimation pattern, 
initiating cold-hardening well after "Autumn Joy', achieving the majority of its cold-hardiness 
by November, and reaching maximum hardiness by December (-21C). The electrolyte 
leakage viability test was accurate in predicting killing temperatures of "Autumn Joy', but 
was less reliable for Brilliant'. Further refinement of this test is required before it can be 
used as the sole indicator of killing temperatures for herbaceous perennial plant tissues. 
Although laborious, regrowth studies provide the greatest amount of information about plant 
tissue after low-temperature exposure. Finally, regardless of the freezing technique used and 
viability assay chosen, the degree of acclimation, storage conditions before freezing, and 
relative health of plant tissues must be known before a final decision can be rendered about 
their cold-hardiness. 
Identifying the low-temperature limits for other herbaceous perennial species will be 
of tremendous benefit to this burgeoning segment of the nursery industry. Cold-hardiness 
information vdll help growers make informed decisions about how best to protect perennials 
from low-temperature injury, and how to assess degree of injury to plants experiencing 
temperatures below an identified injurious temperature. Rapid assessment of tissue injury 
would enable growers to discard compromised plants before they are sold to retailers or the 
general public. In addition to identifying their killing temperatures, these plants also should 
be evaluated for ability to withstand cooling rates faster than 2C/h, multiple freezing and 
thawing events, and prolonged exposure to a range of freezing temperatures. 
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Fig. A.l. Comparison of daily minimum ambient air temperatures and crown temperatures 
of container-grown herbaceous perennials protected by structureless overwintering 
systems. Each value is the mean of 3 observations x 3 replications. Data 
presented includes the coldest day of the 1989-90 experiment, 25 Dec. 1989. 
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Fig. A.2. Comparison of daily minimum ambient air temperatures and crown temperatures 
of container-grown herbaceous perennials protected by structureless overwintering 
systems. Each value is the mean of 3 observations x 3 replications. Data 
presented includes the coldest day of the 1990-91 experiment, 31 Jan. 1991. 
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Fig. A.3. Comparison of daily maximum ambient air temperatures and crown temperatures 
of container-grown herbaceous perennials protected by structureless overwintering 
systems. Each value is the mean of 3 observations x 3 replications. Data 
presented includes the warmest day of the 1989-90 experiment, 14 Mar. 1990. 
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Fig. A.4. Comparison of daily maximum ambient air temperatures and crown temperatures 
of container-grown herbaceous perennials protected by structureless overwintering 
systems. Each value is the mean of 3 observations x 3 replications. Data 
presented includes the warmest day of the 1990-91 experiment, 27 Mar. 1991. 
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O Gaillardia • Salvia 
• Physostegia A Tanacetum 
• Veronica 
Fig. B.l. Effect of temperature on quality rating for five herbaceous perennial species 
surviving exposure to laboratory freezing. Standard Error of the mean (SEM) 
quality rating for Gaillardia = 0.3; Physostegia = 0.3; Salvia = 0.4; Tanacetum = 0.4; 
Veronica = 0.5. 
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ABSTRACT 
Container-grown herbaceous perennials must be afforded winter protection in the 
upper Midwest if plants are to survive low temperature and wide winter temperature 
fluctuations typical of the continental climate. The ability of a poly-straw-poly overwintering 
cover to moderate container medium (7.6 cm deep), crovm (medium surface), and canopy 
(10 cm above the medium) temperature at eight locations in a block of container-grown 
plants was measured. Greater temperature fluctuation was found at the canopy and crown 
than was found in the medium, regardless of ambient air temperature. During an 
unseasonably warm period, when air temperature reached a maximum of 15.4C, medium 
temperatures ranged from 0.6 to 4.8C. During an extremely cold period when air 
temperatures reached a minimum of -27.8C, medium temperatures ranged from 1 to -0.8C. 
These results suggest a poly-straw-poly protective cover is an effective insulator of 
containerized herbaceous perennials. 
Additional index words. winter protection, structureless systems, thermocouple, 
temperature monitoring 
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INTRODUCTION 
Container-grown herbaceous perennials must be afforded winter protection if they 
are to survive the low temperatures and dramatic temperature fluctuations typical of the 
continental climate in the upper Midwest. Overwintering systems should adequately insulate 
plant roots and crowns from undesirable high and low temperatures and rapid temperature 
changes. Consolidating herbaceous perennials in simple structureless overwintering systems 
is an effective and inexpensive method for overwintering these plants. Structureless systems 
range from surrounding consolidated plants with bales of straw to covering them with a thin 
layer of polystyrene (microfoam) and a layer of white polyethylene film (Beattie, 1986). 
Perry (1985) studied several overwintering methods for container-grown herbaceous 
perennials and found that an overvdntering blanket consisting of two layers of 4-mil white 
polyethylene with 30-cm of straw between the layers provided the highest plant survival and 
was the least expensive method. The effectiveness of overwintering systems often is 
measured in terms of plant survival. No published work documents the ability of these 
systems to control the temperature of containerized herbaceous perennials during 
overwintering. Therefore, a study was conducted to monitor canopy, crown, and medium 
temperatures of containerized perennials protected by this system and to test the 
effectiveness of this method to minimize temperature fluctuations and to protect against low 
temperatures. 
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MATERIALS AND METHODS 
On 22 Nov. 1988, 64 plants of Geum quellyon Sweet "Mrs. Bradshaw' and a similar 
number of Platycodon grandiflorus (Jacq.) A. DC. Tuji Blue', grown in 15 cm (#1 nursery 
containers), were grouped pot-to-pot on bare soil in a completely randomized block. Geum 
'Mrs. Bradshaw' has been found to be cold-sensitive (Still et al., 1989), while Platycodon 'Fuji 
Blue' is known for its winter hardiness. Two border rows of Geum 'Mrs. Bradshaw' 
surrounded the test plants. The overwintering cover consisting of two layers of 4-mil white 
polyethylene with 30-cm of straw between the layers was placed over the plants and held 
in place around the perimeter of the block with wood timbers and loose sand. Plants were 
protected with Ground Force rodent bait (chlorophacinone) and drenched with DaconU 2787 
fungicide ichlorothalonil) before covering. 
Thermocouples were placed 7.6 cm below the medium surface, 2.5 cm from the west 
wall of the container; in the plant crown at medium surface level; and in the center of the 
canopy, 10 cm above the medium ; at eight locations in the block. Canopy sensors were not 
aspirated or shielded except by the remaining dead plant foliage. Ambient air temperature 
was monitored by a shielded sensor located adjacent to the experimental site. 
Thermocouples were connected to a CRIO Datalogger (Campbell Scientific, Logan, Utah) that 
recorded temperature every five minutes and calculated mean hourly temperature. 
Temperature readings were taken from 25 Nov. 1988 to 1 Apr. 1989. AU temperatures given 
are an average of the eight locations in the test block. On 15 Apr., the overwintering cover 
was removed, and plants were maintained according to conventional nursery practices until 
survival and regrowth were evaluated on 15 Jun. 
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RESULTS AND DISCUSSION 
The temperature insulation provided by this cover resulted in 95 percent survival of 
Geum "Mrs. Bradshaw' and 93 percent survival oiPlatycodon "Fuji Blue'. Greater temperature 
fluctuation was found at the canopy and crown than in the container medium (Fig. C.1). 
During winter 1988-89, maximum air temperature (15.4C) occurred on 1 Feb. 1989. On this 
warm day, canopy temperature beneath the overwintering cover mirrored ambient air 
temperature but remained 4 to 6C cooler. Crown temperature was cooler and fluctuated less 
than canopy temperature. Medium temperature exhibited a 3 h lag in response to ambient 
air temperature, warming to the daily high (4.8C) after air temperature had begun to fall. 
On 4 Feb. 1989, the coldest ambient air temperature (-27.8C) was recorded. During this same 
period canopy temperature was coldest (-7.8C minimum temperature), crown temperature 
was warmer (-3.7C minimum temperature), while medium temperature remained near 
freezing. 
These results demonstrate that a poly-straw-poly overwintering blanket is effective 
for insulating containerized herbaceous perennials in the upper Midwest. Winter 1988-89 
provided rigorous test conditions. Ambient air temperature dropped 42C, from a high of 
15.4C on 1 Feb. to -27.8C on 4 Feb. Nevertheless, the drop for canopy, crown, and medium 
temperatures was 16, 5, and 3C, respectively. At the coldest ambient air temperature, 
medium temperature remained close to DC. High medium temperature that could have 
resulted in premature plant growth did not occur under this protective cover. 
The value of continuous temperature monitoring is demonstrated by these results. 
In addition, should covers need to be temporarily removed during warm periods, the time 
of the diurnal high medium temperature (1800 hours in this study) and diurnal variation are 
easily observed. 
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Fig. C.l. Effect of a poly-straw-poly overwintering blanket on canopy, crown, and medium temperature of containerized 
herbaceous perennials. 
